Mul tiple-Gate Transistors Formed on Bul k Substrates 10001] This application
clainms the benefit of U S. Provisional Application No. 60/495,071, filed
on August 13, 2003, entitled "Multiple-Gate Transistors Forned on Bul k
Substr at es, whi ch application is hereby incorporated herein by reference.
TECHNI CAL FI ELD [0002] The present invention relates to sem conductor

devi ces and nor Muliple-€atarTsansistoreF pumedopr BydkSuhsiratest or s formed on
bul k sem conduct or substrat es. BACKGROUND [0003] The dom nant sem conduct or

techn for [ rated (ULSI)
ci rcui b@ﬁ?!s ﬁglsr‘?ﬁ?lé HO yh&% onaﬁ@tsgl?} +r%[ﬂ.§]?1 ﬁ&llﬁ%n@?@t@ﬁﬁ ( MOSFET)
t echnol ogy. Reductl on |n the s e of I\/DSFETEsr]g] % ?{fsé@contl nued
i pr ovideREeR ARgnst bk a0 3pentitlsd nI‘éH]él@ @3ts dransisig gl uni t
function over the past few decades. As the gate Iength of the conventi onal
bul k MIGEHEApplisatioe dlieedhy ifttosperatad, hetdebseimreree. and drai n i ncreasi ngly
interact with the channel and gain influence on the channel potential.
Consequently, a transistor with a short gate length suffers from probl ens
related to the inability of the gate to substantially control the on and
of f st H@ENGAL RiEldhannel . [ 0004] Phenonena such as reduced gate control
associated with transistors with short channel |engths are terned

shor t - @@tﬁggg'exﬁé In%ge P iGh FARE 0989%09&1@;099@&%%@& Oﬂa?t'fbularrﬁqu'?}féd gate
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BACKGROUND

[0003] The dominant semiconductor technology used for the manufacture of ultra-large
scale integrated (ULSI) circuits is the metal-oxide-semiconductor field effect transistor
(MQSFET) technology. Reduction in the size of MOSFETs has provided continued
improvement in speed performance, circuit density, and cost per unit function over the past few
decades. As the gate length of the conventional bulk MOSFET is reduced, however, the source
and drain increasingly interact with the channel and gain influence on the channel potential.
Consequently, a transistor with a short gate length suffers from problems related to the inability

of the gate to substantially control the on and off states of the channel.

[6004] Phenomena such as reduced gate control associated with transistors with short

channel lengths are termed short-channel effects. Increased body doping conce;ltration, reduced
gate oxide thickness, and ultra-shallow source/drain junctions are ways to suppress short-channel
effects. However, for device scaling well into the sub-50 nm regime, the requirements for body-

doping concentration, gate oxide thickness, and source/drain (S/D) doping profiles become
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dopi ng concentration, gate oxide thickness, and source/drain (SID) doping

prafiles become -1 increasingly difficult to neet when conventional device
structures based on bulk silicon (Si) substrates are enployed. [0005] For
device scaling well into the sub-30-nmregine, a prom sing approach to .

control I jnpdaShav | o Is to.use an alternative transistor
structure vm'at@%ﬁg&?ﬁgﬁle%tﬁtéﬁeﬁﬁéﬁ"éefﬁ?qagqevécerfﬁl"‘fti“ﬁ? E@E)‘g?%b‘ﬂlké‘flﬂé?%@@r. Pri or
art rmul tgu §trea-ec§ate trlan istors are forned on silicon-ori- insulator

subst r at BT EFG GRPIYE i tiple-gate transistor 10 is shown in plan view

in Figure 1. The structure includes a silicon fin 12 overlying an

i nsul at gpodayer FhftdeyMisEh; ] strate (see.elenment 22 in Figure
2). A ggpe %i el ectric gﬂgg\é’%ﬁelﬁ%tﬁt%h%g%ﬁﬁ B ey é)’m&ﬁ}’é% gppéoaﬁg,tqi on of the
silicon fin 12, ,and a{u%?t el.ectrode 16 straddl es across the silicon fin
12. The GAYEUHS ZIoN-ThAREe! cf5sts is &) use ag akivreatiys fransistos strvcsiere vith thorethankee si | i con
fin 12. [0006] Exanples of the nmultiple-gate transistor include the

doubl e- §dtte!-¢ ramyiirle-gate trensigiore Prigatre muttiplesgasdt wansisoregefdned on slitQcss-
transi stor (FET), and the surround-gate or wap-around gate transistor. A

mul ti pl engybte stbstams.SAQrosATt BEltMEodSraNRAE 168 hows il i lability of
CMOS technol ogy beyond the Iim'Hbt a%i ons of the Sconventﬁé}g\ﬁg??%gfggm FET and

real i ze ThBetridtid L i 1s, T i nt roduction of
addi ti onal gattelg @rr%? %%/kelg&%nh@ lczg%‘!éa(%l?@gr?giﬁmgtgﬂw ?‘rﬁ@’ B’B‘tcg\/_é?é?f PHesustids and
of the channel potential by the ' gate,

t he cha Lied ases the contro :

hel ps sg%gre Ieeéﬂseﬂg/%%r%?? %'Iruea%né gag‘f figlereic (seR glepien) 49 §1aurrel) sevdrab poitiog obf t he
MOS traﬁ%i- Eltor. éOOO?] The sinplest exanple of a nmultiple-gate transistor
is the 5 fcgllgg[l , ndgirgafeglestrode 16 straddles across the silicon fin 12. The gate aielectric

20 1solates the gate electrode 16 from the silicon fin 12.

[0006] Examples of the multiple-gate transistor include the double-gate transistor, triple-
gate transistor, omega field-effect transistor (FET), and the surround-gate or wrap-around gate
transistor. A multiple-gate transiétor structure is expected to extend the scalability of CMOS
technology beyond the limitations of the conventional bulk MOSFET and realize the ultimate
limit of silicon MOSFETs. The introduction of additional gates improves the capacitance
coupling between the gates and the channel, increases the control of the channel potential by the

gate, helps suppress short channel effects, and prolongs the scalability of the MOS transistor.

[0007] The simplest example of a multiple-gate transistor is the double-gate transistor as
described in U.S. Patent No. 6,413,802 issued to Hu et al. As illustrated in the cross-sectional
view of Figure 2a, the double-gate transistor has a gate electrode 16 that straddles across the
channel or the fin-like silicon body 12, thus forming a double-gate structure. There are two
gates, one on each sidewall 18 of the silicon fin 12. The plan view of the double-gate structure is

shown in Figure 1.



described in U S. Patent No. 6,413,802 issued to Hu et al. As illustrated
in‘the cross-sectional view of Figure 2a, the double-gate transistor has a
gate electrode 16 that straddles across the channel or the fin-Iike
silicon body 12, thus form ng a double-gate structure. There are two

gates, one on each sidewall 18 of the silicon fin 12. The plan_view of the
doubl 00R8] e sin Uk BatentiNg. 64hn 82, ths trngjsipechannel pompygsony thithsilipog fipk ent No.
6,413,802, the transistor channel conprises a thin silicon fin 12 defined

usi ng d@fin&d ian eBhakt i2dk a4 ehd formeicbnem iasnlbtordateal 4re.g. siliemn &dde. €3ge sil i con
oxide. Gate oxidation is perforned, followed by gate deposition and gate

pat { o1 Qid@oh R A5, AAURLES Rl EIepsidCk S UREhYE ROk dlblegel the fin.

Bot h the source-to- Irectioh and the gate-to-gate direction are in
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te ansrstor. Tross= sectional
view of a triple-gate transistor structure is provided in Figure 2b. The
pl an \dirpptiasfarg inethe plangoidhapubsrata uifé¢eure is shown in Figure 1. The .
triple-gate transistor structure has a gate electrode 16 that fornms three

gates: gate on the top surface 26 of .the silicor A and two
gat es Igﬁ&ﬁhe Mg\%?’?aglp dF T’Hﬁﬁgibﬂeggﬂm%%rﬁ itﬁ& %%?t%%%éél%twp‘%éoagt e
transi stor achieves better gate control than the d ubﬂ e-gate tr Tglsi stor
becauswscigina) view g a Hinke-gat Bangiatos SH RS Proplegan £rgare 4 | The prnigy 0’{a 810] The
triple-gate transistor structure may be nodified for inproved gate control,
as i | rigktdaat sdcture iFElgwnen PipureSuchhedrislt-gate tran@stosstratise lenogpicabctdd Omega
(S2) field-effect transistor

16 that forms three gates: one gate on the top surface 26 of the silicon body/fin 12, and two

gates on the sidewalls 18 of the silicon body/fin 12. The triple-gate transistor achieves better

gate control than the double-gate transistor because of it has one more gate on the top of the

silicon fin.

{0010} The triple-gate transistor structure may be modified for improved gate control, as
illustrated in Figure 2¢. Such a structure is also known as the Omega () field-effect transistor
(FET), or simply omega-FET, since the gate electrode 16 has an omega-shape in its cross-
sectional view. The encroachment of the gate electrode 16 under the semiconductor fin or body
12 forms an omega-shaped gate structure. It closely resembles the Gate-All-Around (GAA)
transistor for.excellent.scalability,.and uses a very manufacturable process similar to that of the

double-gate or triple-gate transistor.

[0011) The omega-FET has a top gate (adjacent surface 26), two sidewall gates (ad)jacent
surfaces 18), and special gate cxtensions or encroachments 28 under the fin-like semiconductor
body 12. The omega-FET is therefore a field effect transistor with a gate that almost wraps

around the body. In fact, the longer the gate extension, i.e., the greater the extent of the
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(FET), or sinply onega-FET, since the gate electrode 16 has an onega-shape
in.,its cross- sectional view The encroachnent of the gate electrode 16 -
under the semiconductor fin or body 12 forns an onega-shaped gate
structure. It closely resenbles the Gate-All-Around (GAA) .transistor

for.exce l.api | it and uses a very manufacturabl e process similar
to that %)rk?c{%}%%ﬁgnggg E‘F gloé%‘{hg SIEhCiIE ARpraachss @ resembiss degate-gllooauid stheuenega- FET
has a t gate (adjacent surface 26), two sidewall gates (adjacent

surl ac egﬂﬁe)“?méﬁan%@@ﬁ%&:te plaeteode i b endir dressiloron dody lehsshorelitld tR&huader t he
fin-1ike sem conductor body 12. The onega-FET is therefore a field effect

transi stfsemwletthicdielidines frmtthedranshd WhapSestaRUBShANE! RagY1aphily fiagt - the
| onger the gate extension, i.e., the greater the extent of tHe =3

[
encr oac hatetifs the b&i : hes or resenbl es.the
gate-all-arodﬁ% strJgﬁﬁgga%%%%gﬁgﬁggég%ﬁ%g%f%%¥£?ﬁﬁm8ﬁf agetRerfpaRABca. s under
the silicon body helps to shield the channel fromelectric field lines
fromthe drain and i nproves gate-to-channel controllability, thus
alleviating the drain-induced barrier |lowering effect and inproving ,
short-channel performance. SUMVARY OF THE | NVENTI ON [ 0012] The preferred
enbodi nent of the present invention provides a nultiple-gate transistor
that is formed on a bulk substrate. Bulk silicon substrates are cheaper
than silicon-on- insulator substrates. Therefore, the availability of a
technol ogy that forns nultiple-gate transistors on bulk substrates wll
enable future device scaling at a significantly reduced cost. [0013] In
accordance with a preferred enbodi nent of the preferred enbodi nent, a
structure :



and nethod for the fabrication of nultiple-gate transistors on bulk
substrates includes depletion- node bulk nultiple-gate transistors and
accurrul ati on.node bul k nultiple-gate transistors, bulk double-gate
transistor, bulk triple-gate transistor, and bul k onmega-gate transistor and
mul tiple- gate transistors fornmed on bul k substrates may be integrated with

convent.i onal _bul | . [0014] Prior art nultiple-gate transistors
such ﬁ%%@@%ﬁgghﬁ&ml stor, the.triple-gate transistor, and the
onega- FET are formed on silicon-on-insulator substrates. This patent

t each Str r ] - ' = sistors on
bul k S@ 1s r at g‘.ﬂ gk/&?ﬁ?regg 91[bﬁ@ﬁl@%fid%ﬁ%%@%@%%h@?ﬂe %} glﬂ%@lije; @pher e achi eve
| ow cost of nuf.act ure enabl e_scalability of bulk transjstors to

¥ gn 1FESRT (R oF & B ERRs Bl Ben s Gh e Aier he RUSHE ent
invention teaches a nultiple-gate transistor that includes a sem conductor
fin faonsmaon subsirapor Theyeforsf tha abailakiligesfiadeahdologp thas fisss maltple-gatgat e
dielectric overlies a portion of the sem conductor fin and a gate -

el ect rpaeisevean fulssubhieat@aliB epibh) fatkd device AcSiad ac & siprifi oitlyaedhced eysai n regi on
are formed in the sem conductor fin oppositely adjacent to the gate

el ectrode. In the preferred enbodi nent, the bottom surface of the gate

el ect rif883]i s Imeesprdandsawithed priferred ¢rebosicoent of the pselemedecrphodanans i sorctuite

drai n-substrate junction. -5 [0016) In one nethod of formng a

mul ti pin@neaicd fbr the SibSitAlon AE BRIt eAdtd 1andisprLdesulle subseattoidclngstdepatibl k

sem conduct or substrate is provided. A sem conductor fin is formed on the

bul k sgm dlﬂﬁﬁipfe-gf%;kﬁ%g\@tbﬁ A0 duslaBbh HRAE BAkMTHAL SRt 46, il Si des of

t he sem conduct o gate dielectric and a gate €l ectrode are forned
' f ' d fi A ¥
on a p&)ru%fepggtec%rangis gr, %Eﬂ]tﬁﬁg-ggt% ttr%sistér?énd bulk omega-gate transistor and multiple-

. gate transistors formed on bulk substrates may be integrated with conventional bulk transistors.

[0014] Prior art multiple-gate transistors such as the double-gate transistor, the triple-gate
transistor, and the omega-FET are formed on silicon-on-insulator substrates. This patent teaches
a structure and method for forming multiple-gate transistors on bulk substrate. Many of the
multiple-gate transistors taught here achieve low cost of manufacture and enable scalability of

bulk transistors to significantly reduced feature sizes.

[0015] In one aspect, the present invention teaches a multiple-gate transistor that includes a
semiconductor fin formed in a portion of a bulk semiconductor substrate. A gate dielectric
overlies a portion of the semiconductor fin and a gate electrode overlies the gate dielectric. A
source region and a drain region are formed in the semiconductor fin oppositel); adjacent to the
gate electrode. In the-preferred embodiment, the bottom surface of the gate electrode is lower

than either the source-substrate junction or the drain-substrate junction.



source region and a drain region are fornmed in the sem conductor fin. Once
again, in the preferred enbodi nent the source-substrate junction or ;
drai n-substrate junction is higher than the bottom surface of the gate

el ectrode. [0017] In.another enbodi ment of the present invention, portions
of a sil bﬁ sultfstrate ad'(gf et.ched to format, | east one sem conductor fin.
A gate d ct r REOTedpRpoq o fpraning mkfple-gaieransisior agsaeieg o preferethd a gat e

el ectrode layer is fornmed over the gate dielectric layer. Portions of the
gate el &&odigent, aypulk samicondustas qubstrateds providerhtAe samtientduatdefis 3 fomeid ohlige gat e

el ectrode overlies sidewalls and a top surface of the sem conductor fin. A

regi on dhlknwtrisdndhctorauigstrateding isBlitih fagions are pRIVIERE Adi@ESMNhe RALIQANS,Of the
sem conductor fin not underlying the gate el ectrode such that a sidewall

of the smmcendukkoticbhda gt EROSQRRAGAN HRRBHIGHILACE A s ealon of

material. Theé sidewall of the sem conductor i n above

. materi aISO r@?ret 1Q)en ?e %ﬂﬁed. BRI)%F %58 | PTI ON. OF THE DRAW NGS &0018] For a
more conp!l &t & URdE & TCRIGD GFC TPFREIIP JESHRICOAHSIOF 18n Ongapaith én gy ant ages

thereof, reference is now nade to the follow ng descriptions taken in .
conj unc PIEFTSH Spodiment the seipraspsivie ety draimsulbicah junp Q0L higheghaehd i s a
plan view illustrating the nmultiple-gate transistor of the present

i nvent i bottoth@@2R}E ofthgyate eRatrode. a cr oss-secti onal view of the doubl e-gate

transi stor of the present invention; [0021] Figure 2b is a cross-sectional

vi ew of 6% tri Ie-t%ate transistor of the present
[0017] n another embodiment of the present invention, portions of a silicon substrate are

etched to form at least one semiconductor fin. A gate dielectric layer is formed over the
semiconductor fin and a gate electrode layer is formed over the gate dielectric layer. Portions of
the gate electrode layer are etched to form a gate electrode so that the gate electrode overlies
sidewalls and a top surface of the semiconductor fin, A region of material, e.g., dielectric, is
formed adjacent portions of the semiconductor fin not underlying the gate electrode such that a
sidewall of the semiconductor fin extends above an upper surface of the region of material. The

sidewall of the semiconductor fin above the region of material can then be doped.



i nvention; [0022] Figure 2c is a nodified structure of the triple-gate
transi stor shown in Figure 2b; [0023] Figure 3 is a three-dinensional view
of a triple-gate transistor enbodi ment of the present invention; [0024]
Figures 4a - 4c provide cross-sectional views of the triple-gate transistor
of Figure 3; [0025] Figures 5a - Se and 6a - 6e illustrate the fabrication

of at present invention; [0026] Figure 7 is a
perspeﬁmﬁ)mi &‘EﬁﬁﬁDmmnt triple-gate transistor of the
present invention; [0027] Figure 8 is a perspective view of a double-gate

transi @hgﬂ of FBP@meeec%ﬁ‘l?Ieté JhYl@x@fahﬁle ofifél B{egé?@ﬁiveﬁcﬂluﬁrﬁl tfe | h@\/aﬁ{a%%r spective

View o onmega-gate transistor “the present invention. -7 TAI LED
DESCRI TI illustratjve, e using of the
or esenr pCTEieE Gtea tﬂ&mr*bffoa“ﬂag At 08 e s MR BREE®) s hou
be appr eC| ated, however, that the present invention provides many

appl i c@ﬁqlfépanisfﬁl\%ém“{l%lfbﬂh@épts that can be enbodied in a wide variety of
specific contexts. The specific enbodinments discussed are nerely

il f dd
:im'u;St Oﬁ@]scogéﬂué fcslr?éjllaﬁl V\\I}Va ﬁlutﬁatﬂ"[ég%l]qg#eg%ﬁrte ll tPVd{%é S nﬁgzt rgl Q?tes

to the field of sem conductor devices and nore
invention;

[0020] Figure 2a is a cross-sectional view of rthe double-gate transistor of the present
invention;

10021] Figure 2b is a cross-sectional view of the triple-gate transisto; of the present
invention;

[0022] Figure 2c¢ is a modified structure of the triple-gate transistor shown in Figure 2b;

[0023] Figure 3 is a three-dimensional view of a triple-gate transistor embodiment of the

present invention;
[0024] Figures 4a — 4c provide cross-sectional views of the triple-gate transistor of Figure 3;

[0025] Figures 5a — 5e and 6a — 6¢ illustrate the fabrication of a triple-gate transistor of the

present invention,

~ [0026] Figure 7 is a perspective view of another embodiment triple-gate transistor of the

present invention;

10027 Figure 8 is a perspective view of a double-gate transistor of the present invention;

and

{0028] Figure 9 is a perspective view of an omega-gate transistor of the present invention.
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particularly to sem conductor devices with nmultiple gates. Aspects of this
invention provide a structure and nethod for formng nultiple-gate .
transi stors on bulk silicon substrates. [0031] ' Figure 3 shows a

t hr ee- di nensi onal perspective of a triple-gate transistor 130 formed on a

bul k sub ding to a first enbodi ment of this invention. The ’
subst r at @Ei‘%ﬁmﬁﬁmggé“‘&ﬁ?t“@éﬁib@@mtﬁt or material. For exanple, the
substrate 132 can be an elenental sem conductor such as silicon or

ger mani ufgpan al XY uch,as_sili.con-gernani u or . a_caonpound
seni cond[tP({:)t %}r su—!{: X%.S g-,;ﬁ?ﬂ%ﬁgéftéeeﬁge%&ﬂyphe??rf?g CRPefimepE FreitsBeRe dietait he
substrate 13 g}%rrﬁri ses rmngﬁ{?yst alline silicon. [00321 The bul Kk

triple- g}?ftl%wtf ulddie spprediared fiohgrsthet taccheseshiatintion pfavides any apphieabloon t he
bul k substrate 132. Isolation regions 136 are fornmed between sem conduct or
fins (on@ventye gapepis thasernhe embodicdimtareide varicseof specifiticdrodxts. The badifiand;

anot her active region (not shown). The isolation region 136 nay conprise
si | i con ambodémersd disoueded @Rt i flR ratiel off SR I iy ¥ and ©RE RALLRAS

t hereof . Mesa isol ation can ano be usecgf&lal[ OOBﬁQ'FFﬁg saélm' gé;ﬁr?%&?%ggfrmfi n 134

i ncl udes;pg dg%g&nﬁ%s@?g@%qg‘ﬁ%ﬁ@a”d a doped drain region 140. The

source and drain regio 0 sandwi ch a channel region 142. A gate
-8 dielectric 144 overlies the channel portion 142 of the sem conductor fin

134, as [6680n | ThEpgfiered ebodimeh@elies tBe GO gk eRbiElLE dd/id LJHS[HJE@ es the
sem conductor fin 134 fromthe gate el ectrode 146. [0034] Tf1e gate
el ect r odartikdfrsts addi&uasr Rsed LiF lnhhff)leaéﬁrtésvg\sﬁt%gsl Shid ?néxlfénti-{)g%rosvli eeawal |

- structure and method for forming multiple-gate transistors on bulk silicon substrates.

{0031] ° Figure 3 shows a three-dimensional perspective of a triple-gate transistor 130 formed
on a bulk substrate 132 according to a first embodiment of this invention. The substrate 132
material can be any semiconductor material. For example, the substrate 132 can be an elemental
semiconductor such as silicon or geﬁnanium, an alloy semiconductor such as silicon-germanium,
or a compound semiconductor such as gallium arsenide. In the preferred embodiment, the

. substrate 132 comprises monocrystalline silicon.

[0032] The bulk triple-gate transistor 130 includes a semiconductor fin 134 formed on the
bulk substrate 132. Isolation regions 136 are formed between semiconductor fins (one fin 134 as
shown), or between a semiconductor fin 134 and another active region (not shown). The
isolation region 136 may comprise silicon oxide, silicon oxynitride, silicon nitride, or

combinations thereof. Mesa isolation can also be used.

[6033] The semiconductor fin 134 includes a doped source region 138 and a doped drain

region 140. The source and drain regions 138 and 140 sandwich a channe! region 142, A gate
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surfaces 148 of the sem conductor fin 134 are used for current conducti on.
In"the preferred enbodinent, a significant anobunt of source-to-drain
current in the transistor is carried along the sidewall surfaces 148. The
sem conductor fin 134 has a predetermined fin width wiand a drain that has
a depth wd fromthe top, surface of the sem copductor _fin. Essentially, the
o 1 obt felECirip b eienie BT, PRET HRSH BieGPIICERGRcion R PorS ONIN ApRRA A

| arger wd or Hl would result in a larger anount of drive current. [0035]

Cr oss- $elntfaciytht gaié divksctof 14hmstlatepthe sgpicenduetanisn $ifroro theFtatppiestrgdd n t he

pl anes of 4a-4a', 4b-4b', and 4c-4c' are illustrated in Figures 4a, 4b,
and 4cj4g espectively. Figure 4a shows a cross-sectional view in the plane
that cuts through the gate el ectrode 146, the gate dielectric 144, .and

t he channel region 142 of sem conductor fin 134. The gate el ectrode 146 has
a bot t BfB4]sur fThe gate BBctrddati 46 sesldles atrbss finddieariwregieyil oh Tigsidepold36] A
cross-sectional viewin the plane of 4b-4b', which is parallel to plane

4a- 48’ surfases 195 6MAe benibdrduster AD134TREuIsH €W cattb® chitfeugh Thiie fdefaired r egi on 140
of the transistor 130. One feature of the design is that the bottom

surfac t he.: 40 1 : :

dr ai n%ﬁ%}gﬁ? %[’ea S%h%%t%r@ﬁ‘g&%gﬁ? go g@zflg%it%éﬂg%%sﬁ%g% gé%%d[ érlat thjeuncti on
154. [Q037] Referrj now to Figures.4a and 4b, the _drain-substrate
juncti® ?ug%%f M ﬁem‘ﬁP'E;CEP%T fip 134 hasea Predeleipaineq fngvigte “ﬁﬁf@f?eﬁirawhan t he

| evel of the bottom surface 150 of the gate electrode 146 depicted in

Fi gur ethatzhas THeptlelivi fremdleciep siurfase phibe branigendycter fin. Nesseirtialli-thutfscivg e j uncti on
152 and -9 the bottom surface 150 of the gate electrode 146 may be in the
range dédvicabgdih obthe angsdterdss fndtion of wy and wy. A larger wy or wy would result in a

larger amount of drive current.

[0035]) Cross-sectional views of the triple-gate transistor of Figure 3 in the planes of 4a-4a’,
4b-4b’, and 4c-4¢’ are illustrated in Figures 4a, 4b, and 4c, respectively. Figure 4a shows a
cross-sectional view in the plane that cuts through the gate electrode 146, the gate dielectric 144,
and the channel region 142 of semiconductor fin 134. The gate electrode 146 has a bottom

surface 150 that touches the isolation region 136.

[0036] A cross-sectional view in the plane of 4b-4b’, which is parallel to plane 4a-4a’, is
shown in Figure 4b. The view cuts through the drain region 140 of the transistor 130. One
feature of the design is that the bottom surface 150 of the gate electrode 146 is below the level of

the drain-substrate junction 152 or the level of the source-substrate junction 154.
[0037] Referring-now to Figures 4a and 4b, the drain-substrate junction 152 depicted in
Figure 4b is at a level that 1s higher than the level of the bottom surface 150 of the gate eiectrode

146 depicted in Figure 4a. The difference 4 in the heights of the drain-substrate junction 152 and



about 500 angstrons, and preferably about 200 angstrons. [0038] Figure 4c
shows a, cross-sectional viewin the plane that cuts through the gate '
el ectrode 146, the gate dielectric 144, the channel region 142, the source
region 138, and the drain region 140. Figure 4c also shows a potenti al .
| eakage ,current th 156 between the source and the drain regions 138 and
140. Théheé%i’[“Smeﬁ”g@?er Bﬂﬁé?i%@a%&?gwl%én%wetrﬂ@egﬁ@s@f gbouf HRangsiegns 1o . e. |

pl ane 4c-4c'é is drawn in dashed lines in Figure 4c, showing that the gate
el ect r o@Bout 480 prgsirpms,tand prefesibly aboub20Q angstpmesent | al | eakage current pat h.

Therefore, by having the gate electrode 146 extend bel ow t he
strate junctjion 152, and

sour ce- rate. junction 154 or the drain-su

posi ti oi‘?{%é} t heﬁﬁgEeg&’éh%‘E%?88%“'5139}63“%‘”?‘%“ the elans thpt gs thrpashibedntei al | eakage
path 156, this enbodi nent ensures that the gate el ectrode 146 exerts

consi deF&pirede; 1p) the sete diskrciried 4pgbestnag! regianldigthe patrbe 1£5i6n 188, anbipe ess t he

| eakage. [0039] In various aspects of this invention, the source and drain
r egi ons dé@Bregivd 128.0Fiyase halsodhpech poténtiakblealape chbt AEYSE RGvaR tﬂfﬂs%uﬁﬁﬁy be
doped p-type to forman n-channel depletion- node transistor, or the source

and o bt bealANRbA | A, TRY ghe I0aRR 1B LREo: B0y WIGRAY g hEQl On 142

doped n-type to forma p-chann epl et1 on-node transi stor.

accunul ati qn f,ransi st or s be f.or ned havi ng the body regions 142
doped ¢ H- SR AP Ot B B wigE G e atraeaied 6 Fom
exanpl e,, the source 138, drain 140, and body 142 may all be doped n-type
to Fgr n#haﬁ‘%ﬂléné{imot%@hwaa@ rarenapale Theaefeiosbohavifgbagite dlectmidbddh  of
forming the nmultiple-gate transistor of Figure 3 will now be descri bed
with regsemshipdow theFbgue-essbate Smcanl Jdar thewkhiy-sEbgateduirioansh, Bh@ur es 6a- 6e
(collectively Figure 6).

positioning the gate electrode 146 in the vicinity of the potential leakage path 156, this

o

embodiment ensures that the gate electrode 146 exerts considerable influence on the potential

leakage path 156 to suppress the leakage.

[0039] In various aspects of this invention, the source and drain regions 138 and 140 may be
doped n-type, and the body region 142 may be doped p-type to form an n-channe] depletion-
mode transistor, or the source and drain regions 138 and 140 may be doped p-type, and the body
region 142 doped n-type to form a p-channel depletion-mode transistor. Alternatively,
accumulation mode transistors may be formed by having the body regions 142 doped the same
type as the source and drain regions 138 and 140. For example, the source 138, drain 140, and

body 142 may all be doped n-type to form an n-channel accumulation mode transistor.

[0040] A method of forming the multiple-gate transistor of Figure 3 will now be described
with reference to Figures 5a-5e (collectively Figure 5) and Figures 6a-6e (collectively Figure 6).
Figures 5 and 6 show the device cross-section in two paralle] planes at the various stages of
device fabrication. In particular, Figure 5 shows the device 130 in the plane 4a-4a’ of Figure 3
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Figures -5 and 6 show the device cross-section in two parallel planes at the
var,ious, stages of device fabrication. In particular, Figure 5 shows the
device 130 in the plane 4a-4a" of Figure 3 -10 and Figure 6 shows the
device 130 in the plane 4b-4b" of Figure 3. As before, the planes 4a-4a

and 4b-4b' are parallel to each other. A perspective view of a transistor
af t er awiiffigurohahovesttbpdevared 30 pethe planedb-#ls’ of iggure 3. nAFhedore sthe plah@G4ida’ The
starting material is a sem conductor substrate 132 that nay be an el enental

sem Cophubi4l areqparafltll 10 ¥ach@Mict. 0 Hefsh&itive Plewdf & MRS LMdaRMdUEdRAre The
starting material is' preferably a silicon substrate, preferably about 300

mMmin gl i : ne sem conductor fin 134 is fornmed by patterning
t he seﬁ%rg%ﬁ%%ts%&nslhb ra ‘e, as shown in Figures 5a and 6a. The

sem conductor fin patterning process may be acconplished by formng a mask
(not s[ow) OVRE stafthh@ nsedfiaC RRAGEGIGhduER? subis@htt QYR thabMayt BearedlGhénpg of the

sem conductor 132 to a predetermned depth d,. The mask may conprise a

Comm“L&ni&&ﬁ&é&@ﬁﬁ%@%&ﬁi{e@ﬂdu&dg%%%o@?&ﬁaﬁé&ﬁfcﬁﬁdug{oai&%&@ﬁng@éﬁe el

silicon nitride; i hat'ions t’hereo renc ein the

range of .about . 200 angstro o .about 6000 angstromns, preferably about
3000 aﬂrggﬁfﬂg&fs@llﬁoeéa%}rgfmeg?aéiwoa R T BB AlHEskSRteemisongctor

sem conductor fins 134 formed in substrate 132. Alternatively, trenches of
di f f er Bmi 34die farhesd by patisenifgihesemiopndubior sbsteatty ab khovaantumsibetaod 65 ubst r at e
132. This enbodinment allows for transistors with different drive currents
to be fearicoRdudidt firRusame pﬁ(f&hﬂ-méﬁhlbesac@dmﬂﬁhé'ﬁ}tfoﬁﬂﬁ% Benakle alot ARty ¥ver

sel ectively removing portions of the trench mask (not shown) during the
et chi ng. REREGRACEO1 2N BlloRd By the etching of the semiconductor 132 to a predetermined
depth d;. The mask may comprise a commonly used mask material such as photoresist or silicon

oxide or silicon nitride, combinations thereof. The trench depth d, may be in the range of about

200 angstroms to about 6000 angstroms, preferably about 3000 angstroms.

[0042] The trench depth 4, may be the same for all semiconductor fins 134 formed in
substrate 132. Alternatively, trenches of different depths can be formed on the same bulk
semiconductor substrate 132. This embodiment allows for transistors with different drive
currents to be formed on the same chip. This embodiment can be realized by selectively

removing portions of the trench mask (not shown) during the etching process so that some

trenches are etched for longer.

[0043] The mask may or may not be removed after the etching step. If it is removed, as in
the preferred embodiment, a triple-gate transistor will be formed. If it is not removed, a double-

gate transistor, as ilustrated in Figure R, can be formed.

' [0044] Referring now to Figures 5b and 6b, isolation regions 136 with a depth of d; are

formed in the trench 160. The 1solation depth 4; may be in the range of about 20 angstroms to
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trenches are etched for longer. [00431 The mask may or may not be renpved
after the etching step. If it is- renoved, as in the preferred embodi nent,
a t’ripl e-gate transistor will-be formed. If it is not renoved, a double-
gate transistor, a illustrated in Figure 8 can be forned. |~C -1- Va us

rrd now to Figures 5h and 6b, isolation regions 136 with a
ggg?ﬁ] 0151%{9& @P Qgﬁl@&ﬂ’é‘ﬁ p,rq{ergﬁé abgus AlhanggimomsrHia thesprpismedembnsipndnt,dhe ratly be i n
the range of about 20 angstrons to -11 about 6000 angst roms, preferably
about 20U dadigangenirem aboutt Rel (orabbus brle drefariiniylaben®; 1. The sengitorducted firdasd;
ranges fromabout 1.2:1 to about 6:1, preferably about 2:1. The

sem condiudehet stifiefbds asshalaal | surfaces 158 as shown. [0040 A gate
dielectric layer 144 is then forned on the sem conductor fin 134. Due to

subsequent processing, the gate dielectric 144 is shown in Figure 5c but
not i ﬂ Ffp%‘@pe 6648 clegjg layeti 164 éctheri ormed/orbihe famivediubyr fih €3 4mdueaxi dat i on,
chem cal vapor deposition, sputtering, or any other nethods known and used

in the anbsefamt procevsing the god deldital €44 KisBowPRIBAGE HObAML it EG A gue of
gate dielectri cpfor ma?i on%gﬁ{ he gate dielectric 144 thi cknesgs on ?Fhe top of

(he {10 diSdiaumy: be o bheie o uamuba.faugel 86t syl skpess, or Lhe 110

sidewal I". In one enbodi nent, ] bgate o t 00461 The gate

f in. i,s less, than ou angstro ( | o
ai el oot AeomRgm BN dTpef 5 6T b RREfor I Sten s dSlet oReaeREss dsr si i con
oxynitride with a thickness ranging fromabout 3 angstrons to aboutﬂ 100
angst r o’ ﬁp%?fega&fpglecmc formation, the gate dielectric 144 thickness on the top of the fin 134

may be different from the gate dielectric thickness on the fin sidewall. In one embodiment, the

gate dielectric thickness on the top surface of the fin is less than about 20 angstroms.

[0046] The gate dielectric may be formed from a material such as silicon dioxide or silicon
oxynitride with a thickness ranging from about 3 angstroms to about 100 angstroms, preferably
about 10 angstroms or less. The gate dielectric may also formed from a high permittivity (high-
k) material such as lanthanum oxide (La;03), aluminum oxide (Al;03), ﬁafnium oxide (HfO,),
hafnium oxynitride (HfON), or zirconium oxide (ZrO,), or combinations thereof, with an

equivalent oxide thickness of about 3 angstroms to about 100 angstroms.

[0047] Next, the gate electrode 146 material is deposited. The gate electrode material is a
conductive material and may be amorphous or polycrystalline silicon (poly-Si), poly-crystalline
silicon-germanium (poly-SiGe), a metallic nitride, a metallic silicide, a metallic oxide, or a
metal. Examples of metallic nitrides include tungsten nitride, molybdenum nitride, titanium
nitride, and tantalum nitride, or their combinations. Examples of metallic silicide include
tungsten silicide, titanium silicide, cobalt silicide, nickel silicide, platinum silicide, erbium
silicide, or their combinations. Examples of metallic oxides include ruthenium oxide, indium tin
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about 10 angstrons or |ess. The gate dielectric may also formed froma high
permttivity (high- k) material such as |anthanum oxide (La203), al um num
oxi de (A1233), hafnium oxide (Hf 02), hafniumoxynitride (H QON), or

zi-rconi um oxi de (ZrQ2), or conbinations thereof, with an equival ent oxide
t hi cknesa of apout 3 angs ror@etg about 100 angstrons. {00471 Next, the
gate ePHES Phher sommbinions. amples 9t pstal inghde tpREStE A HlEnRIMe ARABRIENPAPRSTI al i s a
conductive material and rmay be anorphous or polycrystalline silicon

( pol y- Bobybdgnuimy nickal.qtl zinbinnand whdri. con- ger mani um (pol y-Si Ge), a netallic
nitride, a netallic silicide, a netallic oxide, or a netal. Exanples of
netall] itrides include tungsten nitrjde, | ybdenum nitride, titanium
nitri d@,ﬁ“@nd t tgétFﬁlﬁFtFﬂdFrlf’ég{ateﬁﬁl Ifl%berdee@%ggéﬁhwgal VEBoR APPASEIOBf netal | c
silicide include tungsten silicide, titaniumsilicide, cobalt silicide,

ni ckel (GVD), by sritterdeaositionnmstiyl dthwr thejnigndsiknown sid sed tethe art farliepasiting

conbi nations. Exanples of netallic oxides include ruthenium oxide, indium

tin - l@naudtde ma@fialhEhd thizRmds Bk gﬁté eleEXGIR @ iaPiaiBe A the RGbyIEEALENTSTt en,
titanium al um num copper, nolybdenum nickel, platinum and others.

[ 0048] EOM%th(?%%lS? Eﬁgi@gﬁP%sgr?mﬁgf&aﬁy a%g‘éftollrgﬁ% gf%&ﬁﬂg% : eﬁéec ﬁ% gﬂ?a@e Sﬁ | vapor

deposi tion ositron, i ques "'known and

used ipn the art fqr_depaqsiti conductive materials. The thickness of the
gate. e etir sherodad 46 fﬂaﬁ%ﬂif}s\vuag}g b2 poRsplang dep Dtacg s map plapaseed el t o

about 4000 angstrons, preferably about 1500 angstrons. The top surface of

t he gathemédabureehadisalinolshed) mior & pattsmnirig of thregntecelentiodpl Haatetigdpr gate Bwbe, and
may be planarized (e.g., chem cal-nechanical polished) prior to patterning
of thelogainey et eet i@deinirdusrtigs thalzaeleleg@d® 1@6 @hhterial at this point. Jons may be

introduced, for example, by lon implantation techniques.

[0049] The next step is the definition of the gate electrode 146. A mask material (not
shown) is formed on the gate electrode material, and the gate electrode 146 is formed by an
etching process, preferably an anisotropic etch (e.g., dry plasma etching process), to give the
cross-sections in Figure 5c and 6c¢. In this example, gate dielectric 144 has also been patterned,

although this step is not necessary.

[0050] A dicllecti'ic layer 162 is then formed to cover a portion of the sidewall surface 158 of
the semiconductor fin 134, not already covered by isolation region 136. Referring now to
Figures 5d and 6d, the layer 162 is formed such that a sidewall 158 semiconductor fin 134
extends‘above the upper surface of layer 162. This dielectric layer 162 allows the formation of
the source and drain regions 138 and 140 such that the drain-substrate junction 1352 or the source-
substrate junction 154 is at a higher level than the bottom surface 130 of the gate electrode 146,
In the preferred embodiment, the drain-substrate junction 152 or the source-substrate junction
154 is defined to be the position where the doping concentration in the source or drain region
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lons may or may not- be introduced into the gate el ectrode 146 material at
this point. lons may be introduced, for exanple, by ion inplantation '
techni ques. [0049] The next step is the definition of the gate el ectrode
146. A mask material (not shown) is fornmed on the gate el ectrode material,

and t he te electsrode 146 is formed by an etching process, preferably an
ani sot r c}g?bs aéﬁ'@ﬁ%( &ny. l,evei.r fp tE‘T‘ %f?&"eéle@g?ﬁ@eﬁr diglsetyy layerol 6dicomprises silicon
cross-sections in Figure 5c and 6¢c. In this exanple, gate dielectric 144
has al s@xiéen patterned, although this step is not necessary. [0050] A
dielectric layer 162 is then forned-to cover a portion of the sidewall
surface of . the sem condugctor fin 134, not already covered by isolation
regi on 1451 Ref g‘rtp‘f Hﬁ%‘ﬁ&ﬁ’? OCﬁIPF'ﬁuﬁthlaﬁ'ﬂ‘ahrﬁawﬁé,& psrirmied yes thidpesss £ or med
such that a sidewall 158 sem conductor fin 134 extends above the upper

sur f ace befvepmghont 3bangsaumsandiabdws SO0 aegstrays prefeablalaband0d imestansreftieon of

the source and drain regions 138 and 140 such that the drain-substrate

j unct i oheighibitie dxbesed Quitior of Sudyellr [B8es fypiagityl iBfhel@dge oF aBdut 300 MMpehshs level
than the bottom surface 150 of the gate el ectrode 146. 1In the preferred

enbodi Ngpu 2®¢Dedng§t?dn'ﬂs', Eﬂé?&?&bﬁ))gﬁb%ui mta.ingﬂro;n%iﬁg% é‘éspﬁ HOWLS %gﬁlggfﬁ%léﬁ%ssqt i on

junction 154 is defined to the position ‘e doprn

in the urce.or draig,.region  -13 138 i.s at t 1018 cm 3 level. In the
r ef errgn% Héaﬁ%a Pt ,693‘? g’ggﬁltglﬂtioéjﬂi‘ea psed portiop &'Fé’éléw%lﬁﬁgdéﬁre&@@b. [ 001]
p

In the preferred enbodinment, the material region 162 is forned to a

t hi ckneS¥Wegeatarkeh! ibahout 580 angstrons and about 500 angstrons, preferably
about 200 angstrons. The

[0052] The source and drain regions 138 and 140 are formed next as shown in Figures e
and 6e. The formation of the source and drain regions 138 and 140 may involve several steps.
In the preferred embodiment, an jon implantation process is first performed to dope the source
and drain regions 138 and 140 immediately adjacent to the channel region 142. The channe]
region 142 is the portion of the semiconductor fin 134 wrapped around by the gate dielectric 144

and the gate electrode 146.

[0053] Spacers (164 in Figure 7) are then formed on the sidewalls of the gate electrode 146.
The spacers 164 may be formed by deposition of a spacer material(s) followed by anisotropic
etching of the spacer material(s) to form the spacers 164. The spacer is formed from a dielectric
material, preferably silicon nitride (e.g., SizN4). The spacer material . may.also be formed from.a
stack of dielectric materials, such as a silicon nitride layer overlying a silicon oxide layer. Figure
7 shows a three~dim'ensional perspective of the transistor structure with spacers 164 and the

dielectric layer 162.

[0054] A selective epitaxy may additionally be performed to increase the width and/or

height of the fin 134 in the source and drain regions 138 and 140. The selective epitaxy results
-14-



hei ght of the exposed portion of sidewall 158 is typically in the range of
about 500 angstrons to about 2000 angstrons, preferably about 1000
angstrons. As a result, the ratio of the thickness of the material region
162 to the height of the exposed portion of the sidewall 158 is preferably
bet ween about 1:1 to about 1:20 [0052] The source and drain regions 138 and
140 ar'@ epBHEdrondhin the seicsvand drainiegione $3%and 4 cendertmprsthé pateralectondeof t he
source and drain regions 138 and 140 may invol ve several steps. 1In the

pr ef erregnarnboBhampithxy @n be perfarfipl anif@tilpfor Al fiee s érsa fihglstubeedtt o3ed to
dope the source and drain regions 138 and 140 i nmedi ately adjacent to the

c anneéanl}ﬁg)bg&?—rlkﬂgo dlff@ﬁnﬂmclucﬁ 12 qgg) igjﬁglffge?‘en]ﬁ ﬁgsl céﬁ?aé%%g??sg%&tﬁ@eand he

sem conduct o 134 wrapped arou ate
gate el ectrode 146. [0053] Spacers (164 in Figure 7) are then forned on the

si dewajobs5]of tAreogiahe i@l iaglane@en Idben peHdensPReiepsthe 6dhreeandldeni edsioed by
deposition of a spacer material (s) followed by anisotropic etching of the

spacer | ygan@ni@! t8)ioh AnfISth oh?ﬁqé%??ér?on%@éiftﬁé‘%ée%?g\f&gt_aifdsc{eg%d froma

dielectric material, prefer y siticon nitri . The
spacer.. materj al . . al.so be fornmed, from.a . stack o ielectric materials,
sbch: et Honitin O g icTs urhg FiiGa” P e OE eyl ot gur e 7
shows a three-di nensional perspective of the transistor structure with
spacersowghsughgs sihades gray|be dernied ondlyeeroure 2nd fiposagions (488 et i40kteepi t axy nay
additionally be performed to increase the width and/or height of the fin
134 i nintressesiouronduczande mirthdsargpigisons 138 and 140. The sel ective epitaxy
results -14

[0056] Figure 8 shows a structure for a double gate transistor. This device is similar to the
triple gate device of Figure 7 but also includes an etch mask 166, as was discussed above. In the
preferred embodiment, the etch mask 166 is formed of silicon oxynitride and has a thickness

between about 20 angstroms and about 500 angstroms.

[0057] A transistor with an omega-shaped gate electrode, as shown in Figure 9, can also be
formed by slightly modifying the fabrication process just described. For example, during the
definition of the semiconductor {in in Figures 5a and 6a, a two-ste;j etch may be employed. A
first etch step may employ a highly anisotropic plasma etch process with a negligible lateral etch
rate. A second etch step may employ a less anisotropic etch so that some lateral etch takes place,
zesulting i a narrower semiconductor fin at the base. The two-step.etch will resultin.a
semiconductor fin with a wider fin width af the top, e.g., source 138 and drain 140, and a
narrower fin width at the bottom 168. The remaining fabrication steps follow those as described

above, The resulting transistor structure is shown in Figure 9.

[0058] The following references are related to aspects of the preferred embodiment and are

hereby incorporated herein by reference:
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in épitaxial growth in the source and drain regions 13 8 and 140, and
per.haps, the gate electrode region 146. The epitaxy can be perforned -
uniformy for all fins 134 on a single substrate 132 or can be perforned
to different levels (including none) for different fins on a single

substr at [ ] tional jon inplantation is then performed to dope
t he sour[ile agg%g‘reééﬂ Lﬁ‘gﬁf%tﬁé’f%@@”&%&”fﬂ trapgistor girciungsi having eidowblpeateess i s

performed i i i { r d s into the
G oun 1 egi on e AR e o R A e R RO e B o)
such as sil P4il88&.nay be fornmed on the source and drain regions (138 and
140) to increase the conductance in these regions. [0056] Figure 8 shows a
structurg]tfogeﬁ gwa}eﬁg tf transistor. This device is simlar to the
triple é e Jevi e BT i%‘u rderpationgl Bisingss Mashins SomerasiooWuneg&k 20086, as was
di scussed abpyg; ; - prigke | t, the etch mask 166 is forned
of silicon oxgﬁzfdrl ?ldﬁe%ﬁggh[gfss'g&%ﬂi@%’ggﬁs’% et ween about 20 angstrons and
about 500 angstronms. [0057] A transistor with an onega-shaped gate .

el ectrod, a¥. BhiowdullenerilglntenMionslaBusilessavchinek Cormpehtial, Shd. 9hbbyy, modi fyi ng

the fabrication E{{roc SS Jlust_ described. For exanple, duri ng the '‘definition
of the sem CORTEEE SRKNE Flangrized siticas s devipri Ush, Patent Mp 6438828t ch may be
enployed: A first etch step may enploy a highly anisotropic plasm etch
process iy t hpaypegt . C ond.etch step may enpl oy
a less gqr/x sot rop’i%gc1 g?dgﬁ'h@gﬂo??}ﬁ&égﬁ%, PIb% g?g zépgaﬁg'gé}ggaﬁwg@efg“&dzlpésuI ting
i n a narroviéemsépiocondiB8tRatent No. §891.495. base. The two-step etch will result
in a semconductor fin with a wider fin width at the top, e.g., source 138
and dra width at the bottom 168. The remaini ng

b 149,+,and, a nar.rower . fi ) ¢
fabri CaH] on gt\ébgﬂxdrvgtpqeg&flfrﬁ icgs, q%,slglgy BE4002, Process for forming multiple active
lines and gate-all-around MOSFET, U.S. Patent No. 6,391,782.

[6]  B.Yuetal, Advanced Micro Devices, Inc., Sep. 17 2002, CMOS inverter configured
from double gate MOSFET and method of fabricating same, U.S. Patent No. 6,451,656.

[7] M. Ieong et al., International Business Machines Corporation, Dec. 10, 2002, Variable

threshold voltage double gated transistors and method of fabrication, U.S. Patent No.
6,492,212

[8] X. Huang et al., “Sub-50 nm p-channel finFET,” JEEE Trans. Electron Devices, vol. 48,
1n0. 5, pp. 880-886, May 2001.

[®]  F.-L.Yangetal, “35 nm CMOS FinFETs,” Symposium on VLSI Technology, Digest of
Technical Papers, pp. 109-110, June 2002.

[10] H-S.P. Wong, “Beyond the conventional transistor,” IBM J Research and Development,
vol. 46, no. 2/3, pp. 133-168, March/May 2002.

[11] R. Chauet al., “Advanced depleted-substrate transistors: single-gate, double-gate, and tri-
gate”, 2002 International Conference on Solid State Devices and Materials, Nagoya, Japan,
pp. 68-69, Sep. 2002.
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above. The resulting transistor structure is shown in Figure 9, [0058] The
follow ng references are related to aspects of the preferred enbodi nrent and
are hereby incorporated herein by reference: -15 [1] C. Hu et al.,
University of California, FinFET transistor structures having a double gate
channel,. ext endi vertigcally froma substrate and nethods of manufacture,
U S. Pdtent %Ng: %@,%fé, gg?ﬂl GMS Pmaga-FETs {pinsprnarianal &lectron Redeadedtingal

Busi ness ' : |0 June 26 2001, Planarized Si fin device,

u. S Pate?%.gﬁgl}%@%?éc[ giozK. P. L. Muller et at., International

Busi ness Machi nes Corporation, Aug. 13 2002, Process for making planarized
si i conl3li nl.dbWobiege dal.“SPab®ot-idNolatod g#8211828ind éticd: InnardiNeRIegs,M cr.o
Devi ces, IUBCEFJ%% Zj]RéOOZ .Doubl e-gate transistor forned in a thermal
process, U &itededive. Ng. Teshnicpl Passs, pps1P5e98viec. A8fanced M cro Devi ces,

Inc., May 21 2002, Process for formng nultiple active Iines and

gat e- alf{gjar ET, 7 Ui | t 6 2. B. Yu et, al.,
Advancéi(j¢]M gflg&geb%aiﬁg%g},all n@r? %@élgg afwé%gggrg\%% fnﬁl\[?ghlg‘?'se@?}ﬁ?'}dﬁﬁf”éd from
doubl e gat keldASBEE Tramisiorsredth adigaifichabeduetdn (TBheRRnndl.eBectEaT U0 -

6, 451, 656. 7YJ M | egn&ét al ., International Business Michines

Cor por at i oW e"EREd hesinolagy B, valats, aB1 G PP HOESABA.d99BI t age doubl e gat ed

transi stors and nethod of fabrication, U S Patent No. 6,492, 212.

[0059] While several embodiments of the invention, together with modifications thereof,
have been described in detail herein and illustrated in the accompanying drawings, it will be
evident that various modifications are possible without departing from the scope of the preferred
embodiment. The examples given are intended to be illustrative rather than exclisive. The

drawings may not necessarily be to scale and features may be shown in a schematic form.
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[8] X. Huang et al., "Sub-50 nm p-channel finFET," |EEE Trans. Electron
Devi ces, vol. 48, no. 5, pp. 880-886, May 2001. [9] F.-L. Yang et al., "35
rimcCMOS Fi nFETs, " Synposium on VLSI Technol ogy, Digest of Techni cal
Papers, pp. 109-110, June 2002. [10] H -S. P. Wng, "Beyond the
conventional transistor,”" IBMJ. Research and Devel opnent, vol. 46, no.
2/ 3, pp- May 2002. [11] R Chau et al., "Advanced

depl ete I;sk%gs%% ek&bcﬁ/sl stors: single-gate, double-gate, and fri- gate",
2002 International Conference on Solid State Devices and Materials, Nagoya,

Japan, 1pp. ﬁ&mﬁﬁple@@@tragﬁﬂ&con%ﬁmhéﬂ F.-L. Yang et al., "25 rim CMOS
Onega- FETs," International El ectron Devi ce Meeting, Di g Techni cal Papers,

Dec. 2002. | et al "Si,| j,con- onsinsul gate-all -around
devi ce," Int %?J%#?ngﬁg C%ffogg?%w 2 forsin o 3l S ongy el s irﬁ?fh cal Papers, pp.
595- 598, Dec. 3 %14] . Leobandung et at., "Wre-channel and

wr ap- ar ound- §&1'€ rleEiEe O35 iRE BRAAIHPIIDR seFHCONENGPinef f ect transistors with a
significant reduction of short channel effects,” J Vacuum Science and
Technol ogy Bz gatoklectBe omalyi thp pate AieBiti2 /14 gatd BI8atrode GOHAY a Ybitdre swfver al.
enbodi mrents of the invention, together with nodifications thereof, have
been desgtibed in detail herein and illustrated in the acconpanying
drawings, it will be evident that various nodifications are possible

wi t hout depaf Ldng rgéimﬁdhaedr§iﬁ?@g§onofon¥1!:]aein%ee§cerenricro?lguctor fin oppositely adjacent to
the gate electrode, the source region having a source-substrate junction, and the drain region
having a drain-substrate junction;
wherein the bottom surface of the gate electrode is lower than the source-substrate

junction or the drain-substrate junction.

2. The structure of claim 1 wherein the gate electrode comprises polycrystalline or

amorphous silicon.

3. The structure of claim 1 and further comprising a silicide region formed over the gate
electrode.

4, The structure of claim 1 wherein the gate electrode is formed from a polycrystalline
semiconductor.

5. The structure of claim 1 wherein the gate electrode is formed from a metallic nitride.
6. The structure of claim 1 wherein the gate electrode is formed from a metallic silicide.
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enbodi ment. The exanples given are intended to be illustrative rather than
exclusive. The drawi ngs may not necessarily be to scale and features may
be shown in a schematic form WHAT IS CLAIMED IS: A nmultiple-gate

transi stor conprising: a semconductor fin formed in a portion of a bulk
sem conduct ubstr . .a.gate dielectric oyerlying a portion of the

seni conduct ELC ?S‘[Vﬁ'fureag’aftgj’g’t“é 1&@&‘?@8@3‘8\? Firgreds) C’l”l‘?ég 9@ W'l ectric, the gate
el ectrode having a bottom surface; and a source region and a drain region
formed in the sem conductor fin oppositely adjacent to the gate el ectrode,
t he soyrce i i  Co- ' Welakt I N region
navi ng A dr Al o Caer chin ARUGER SURSLEAE Hel e e SR oSk R gt o
el ectrode is |ower than the source-substrate junction or the

drai n-substrate junction. 2. The structure of claiml1l wherein the gate:

el ectr éde cohgpstivsmse falamr ywad aldhen@ngrisagepRbews sileh blxbngatdeledihlest ruct ure
of claim1 and further conprising a silicide region forned over the gate

el ectrode. 4. The structure of claiml wherein the gate electrode is forned
froma polycrystalline sem conductor. 5. The structure of claim1l wherein

t he gaﬂ@ el @éﬁt fiygers of clayp dehereinirs sermisenurioe fip pempragss silicon.

11. The structure of claim 1 wherein the semiconductor fin comprises silicon and
germanium.
12. The structure of claim 1 wherein the semiconductor structure further comprises an-

etchant mask overlying the semiconductor fin.

13. The structure of claim 1 wherein the semiconductor fin has a fin width that is larger at the

top of the semiconductor fin than at the bottom of the semiconductor fin.
14, The structure of claim I wherein the gate dielectric comprises silicon oxide.
15. The structure of claim 1 wherein the gate dielectric comprises silicon oxynitride.

16.  The structure of claim 1 wherein the gate dielectric comprises ahigh-permittivity

material.

7. The structure of claim 1 wherein the gate dielectric comprises a material selected from
the group consisting of lanthanum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride,

and zirconum oxide, and combinations thereof,
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6. The structure of claim1l wherein the gate electrode is fornmed froma
netallic silicide. -18 7. The structure of claim|l wherein the gate .
electrode is formed froma netal. 8. The structure of claiml| wherein the
gate el ectrode has a substantially planar top surface. 9. The structure of
claim1 and further conprising spacers on sides of the gate el ectrode. 10.-
The st r d&t ur Ehodtruglugd ofickimt evletain thegatelinl enivkoaip@ises d Hate@AMRAThSa8 a$iel | CON.
.11. The structure of claim1l wherein the sem conductor fin conprises

si | i conpemdtiviyegieaes e abbdt 5.The structure of claim| wherein the

sem conductor structure further conprises an, etchant nmask overlying the
sem conductor fm 13. The structure of claim| wherein the sem conductor
fin has a fin width that is larger at the top of the sem conductor fin

t han at !9-he Dertwaiursfolchén d ovtiecomthe gaeriddciric Had a tHiblmest ofbetndeeatf Tl ai m |
wherein the gate dielectric conprises silicon oxide. 15. The structure of
cl ai m landeboet 100tahgstrgake di el ectric conprises silicon oxynitride. 16. The
structure of claiml| wherein the gate dielectric ,conprises a high
-permttivity material. 17. The structure of claim1l wherein the gate
dielectric conprises a naterial selected from the group consisting of ’

| ant hantfin ox}t¥etruginigpf alaim &xihdesin thammiltiple-gate tensidhafing uiplopeynirinsisde, and

zi rconi um oxi de, and conbi nations thereof. -1 9

21. The structure of claim 1 wherein the multiple-gate transistor is a double-gate transistor.

22. The structure of claim 1 wherein the multiple-gate transistor is an omega-gate transistor,

23.  The structure of claim 1 wherein the bottom surface of the gate electrode is lower than

the source-substrate junction and the drain-substrate junction by at least about 50 angstroms.



18. The 'structure of claim1 wherein the gate dielectric conprises a
material with a relative permttivity greater than about 5. 19. The
structure of claim1l wherein the gate dielectric has a thickness of between
about 3 and about 100 angstronms. 20. The structure of claiml wherein the
mul ti pl,g-gate transi.stor is triple-gate transistor... 21. The structure of
claim llzg\/\he‘%‘é?ehho[adl‘f) formgs aprlfl%l%@]ﬁtg& ett?aﬁﬁgi)%flﬁrm‘?qgo COdUE5Y"E- gat e transi stor.
22. The structure of claim1l wherein the nmultiple-gate transistor is an
omega- gat e PrPyABRSthylk semprndurtas selsketet ure of claim | wherein the bottom
surface of the gate electrode is |lower than the source-substrate junction
and the dr aformsghstmateduciondh inhe bylk admiceatittoahidutratz0 angstronms. 24. A

met hod of forming a nultiple-gate transistor, the method conpri sing:

provi ding_aiohihn i RGNS LS AUIY @hRondiRidtidlg @ seni conduct or fin i n

t he bul k sem conductor substrate; ormng i1solafion regions on sides of

the sem conductor fin: form a te dielectric and a.gate electrode on a
portion of T emggr%a%g%e&ﬁﬁgicﬁng%igﬁt,e%ﬁaﬁtém%d’&aemé?@&ﬁ%%ﬂﬁ%\?p%mﬁ%B‘cetom
surface; and form ng a source region and a drain region in the ,
seni cof#felediode having ppotipguiveiacs: egl on  having a source-substrate junctio

and the drain region having a drain-substrate junction, the

sour ce- subsforraing ajsourcd feginn and ddrinregobitthaseenipendattoofin, bied ogrddirgh@t t han t he
bottom surface of the gate electrode. 25. The nethod of claim 24 wherein
the sOuAGEy SRRk sAstrale YHelibOihARDdbinG e HbRhaVis PehmANBstrate junction, the

source-substrate junction or drain-substrate junction being higher than the bottom surface of the

gate electrode.

25.  The method of claim 24 wherein the source-substrate junction and the drain-substrate

junction is higher than the bottom surface of the gate electrode by at least 50 angstroms.

26.  The method of claim 24 wherein forming a semiconductor fin comprises:
forming a mask over the bulk semiconductor substrate; and

etching exposed regions of the semiconductor substrate to form the semiconductor fin.
27. The method of claim 26 further comprising removing the mask.
28.  The method of claim 27 wherein the mask comprises a photoresist.

29.  The method of claim 27 wherein the mask comprises a material selected from the group

consisting of silicon oxide, silicon oxynitride, silicon nitride, and combinations thereof.
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junction is higher than the bottom surface of the gate el ectrode by at

| east 50 angstrons. 26. The method of claim?24 wherein formng a
sem conductor fin conprises: formng a mask over the bul k sem conduct or
substrate; and etching exposed regi ons of the sem conductor substrate to

formthe,senm. co nductar'fin. 27. The nethod of claim 26 further conprising
r enovi ngot h%y&xoég{ﬁq:@%g@ b PRSI N SHIP ARG Popreerand geaykregiondr | ses a
photoresist. 29. The nethod of claim 27 wherein the mask conprises a
mat er i aMWide coadustive meieriehe group consisting of silicon oxide, silicon

oxynitride, silicon nitride, and conbinations thereof. -2] 30. The nethod

of claim24 and further conprising strapping the source and drain regions
d further

with a gondugtive.materi.al,, 31.. The nethod of claim?24 a

Compr i sPRg. { PHIFGOL PLHBR4 SR GBS oBPeS GRS Gt PRREE o5 eife. et hod
of claim24 and further conprising performng selective epitaxy on the
source &kseiresieai n regions. 33. The nethod of claim24 wherein the

sem conductor fin conprises silicon. 34. The nethod of claim 24 wherein the
sem conductor fin conprises silicon and germanium 35. The nethod of claim

24 wherejpn t e diel.ecfric.c rises.silicon oxide or.silicon
oXyNi t 1 f%e O?ﬁesrlg?\%%% ﬁf cﬁziu rC%ttl dilgg fur%gpcc)lmprlslnglpe%fonnlng Selective epxta;cy én t?xe

source and drain regions.
33.  The method of claim 24 wherein the semiconductor fin comprises silicon.

34.  The method of claim 24 wherein the semiconductor fin comprises silicon and

germanium.

35.  The method of claim 24 wherein the gate dielectric comprises silicon oxide or silicon

oxynitride or silicon nitride.

36.  The method of claim 24 wherein the gate dielectric comprises a high permittivity

material,

37.  The method of claim 24 wherein the gate dielectric comprises a material selected from
the group consisting of lanthanum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride,

and zirconium oxide, and combinations thereof.

38.  The method of claim 24 wherein the gate dielectric comprises a material with a relative

permittivity greater than about 5.

2.



36. The nethod of claim?24 wherein the gate dielectric conmprises a high
permttivity material. 37. The nethod of claim 24 wherein the gate
dielectric conprises a material selected from the group consisting of

| ant hanum oxi de, al um num oxi de, haf ni um oxi de, hafnium oxynitride, and

zi rconi,ym oxi de,,. a omhi.nati ons thereof. 38. The method of claim?24

wher ei it he a{pgh%ft&cwﬁav GHpF §4E dﬁ?%’ccz'\ﬂf’ %Fhl%int”ﬁ o4 betypen ahput 3
permttivity greater than about 5. -22 39. The nethod of claim 24 wherein
t he gatwd abpd) Weergstomas a thi ckness of between about 3 and about 100
angstrons. 40. The nethod of claim 24 wherein the gate el ectrode conprises
pol ycrystal li ne or anorphous silicon, 41. The nethod of claim 24 wherein

t he gaje elgctrode conmprise oly-Si Ge. 42 The.nethod of claim 24 wherein
t he ga%'(g elﬁketrp‘%goéj 0&8%??2%@’3’%%%‘3 gRtF Flectide comarises galycrypalliggPhod of cl ai m
24 wherein the_gate el ectrode conprises a netallic silicide. 44. The

met hod@BPTPRIUSISHCPU wherein the gate el ectrode conprises a netal. 45. The

nmet hod of claim 24 wherein the nultiple-gate transistor is a triple-gate
transistor. 46. The nethod of claim 24 wherein the nultiple-gate ,

transi gt or 4 uble-gaje transistor. = 47. The meth of claim 24 wherein
the mu I{'i pltah-%ga ﬂgo(atolr?gﬁg? S% gheie tﬁ‘ﬁ BRI S FAmPISER BPY ’%‘gﬂ:“?' 48. A method of
form ng a sem conductor device, the nmethod conpri sing:

42. The method of claim 24 wherein the gate electrode comprises a metallic nitride.

43.  The method of claim 24 wherein the gate electrode comprises a metallic silicide.

44, 'The method of claim 24 wherein the gate electrode comprises a metal.

45.  The method of claim 24 wherein the multiple-gate transistor is a triple-gate transistor.

46.  The method of claim 24 wherein the multiple-gate transistor is a double-gate transistor.

47.  The method of claim 24 wherein the multiple-gate transistor is an omega-gate transistor.



providing a silicon substrate; etching portions of the silicon substrate to
format, | east one sem conductor fin; formng a gate dielectric |ayer overs
the sem conductor fin; formng a gate el ectrode | ayer over the gate
dielectric layer; etching portions of the gate electrode layer to forma

gate ele tro%h tiui tgfgte el ectrode overlying sidewalls and a top surface
of the s eGP Fwﬂgﬁ@?fﬁficﬁ'@jiuatofé@ﬁl@nth@ﬁnqﬂmdépmmlagij acent portions of

the semi conductor fin not underlying the gate el ectrode such that a
si dewal | of pPhyidegt sbesobsmate i N ext ends above an upper surface of the
region of material; and doping the sidewall of the sem conductor fin above

the region okcHmg@biiahs oftfe R0 SBARlo Bl A A8 SURRE Bl G N0 an

i solation region conprises depositing an oxide mater he met hod of

claim 48 andy, materi al over the
silicon substéﬁrg?%égﬁggétg?hay&w% {ngﬁgglim uﬁ‘{f?fﬁg portions of the silicon
substrate is_.perfornmed . in ignment with the masking material. 51. The
met hod of cl %‘W%‘Fa"'?qﬁfPfiﬁE’ﬁ’e%’ﬁb@Fgﬂtﬁéleie@WFm the nmasking materi al

after the sem conductor fin is fornmed. 52. The nethod of claimb50 wherein
the gate di ektehbing pertioayefithagade ¢lbarogatayerab datr ngee tlayterdeahegaté GeaRde Oover the
masking material. -24
overlying sidewalls and a top surface of the semiconductor fin;
forming a region of material adjacent portions of the semiconductor fin not underlying
the gate electrode such that a sidewall of the semiconductor fin extends above an upper surface

of the region of material; and

doping the sidewall of the semiconductor fin above the region of material,

49.  The method of claim 48 wherein forming an isolation region comprises depositing an

oxide material.

50. The method of claim 48 and further comprising forming a masking material over the
silicon substrate and wherein the step of etching portions of the silicon substrate is performed in

alignment with the masking material.

51. The method of claim 50 and further comprising removing the masking material after the

semiconductor fin is formed.

52.  The method of claim 50 wherein the gate dielectric layer and the gate electrode layer are

formed over the masking material.



53. The nethod of claim48 wherein formng a region of material conprises
depositing a dielectric |layer. 54. The nethod of claim 48 wherein forning
a gate dielectric layer conprises formng a |ayer of a material with a

relative permttivity greater than about 5. 55. The nethod of claim 48 and

furt hes3.conpiid m¢thel dfRlaith B8 vaRreis Rk@inb@e i@r%ﬂﬂat@x@il%ﬁﬁgfiseg n%o%ﬁﬂé gonduct or
fin. 56. The nmethod of claim48 and Turther conprising renoving the region

of mat g{eie@ﬁic@;yregr dopi ng the sidewall.

4. The method of claim 48 wherein forming a gate dielectric layer comprises forming a

layer of a material with a relative permittivity greater than about 5.

55. The method of claim 48 and further comprising forming an isolation region adjacent the

semiconductor fin.

56.  The method of claim 48 and further comprising removing the region of material after

doping the sidewall.
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