MULTI PLE- GATE TRANSI STOR STRUCTURE AND METHOD FOR FABRI CATI NG Fi el d of the
I nvention 001 The present invention generally relates to a nultiple- gate
transi stor and nethod for fabricating and nore particularly, relates to a
mul ti pl e-gate sem conductor structure equipped with a gate el ectrode that
wr aps around a sem conductor fin on its top and sidewall surfaces
separating a source and a drain region of the transistor and nethod for
fabricating the structure. Background of the Invention 002 As the gate

| ength of the - MOSFET is scaled down into the sub-50 nmregine for

i nproved performance and density, the requirenents for body-doping
concentration, gate oxide thickness,' and source/drain (S/ D) doping

profiles to control shaph-chanaels hiaekgohesamseiuiar easingly difficult to
meet when conventi onal evice structures based on bulk silicon (Si)

substrates are enployed. rJhevBeayy wharaekideping required to provide
adequate suppression of short-channel effects results in degraded nobility

and enhanced junction | eakage- The aggressive reduction of the silicon
di oxide Si OZ gate dielectric thickness for reduced short
Field of the Invention

001 The present invention generally relatgs to a multiple-
gate transistor and metho@ for fabricating and more particularly,
relates to a multiple-gate semiconductor structure equipped with a
gate electrode that wraps around a semiconductor fin on its top and
sidewall surfaces separating a source and a drain region of the

transistor and method for fabricating the structure.

Rackground of the Invention
002 As the gate length of the MOSFET is scaled down into the
sub-50 nm regime for improved performance and density, the
requirements for body-doping concentration, gate oxide thickness,
and source/drain (S/D) doping profiles to control short-channel
effects become increasingly difficult to meet when conventional
device structures based on bulk silicon (Si) substrates are
eﬁployed.A Tﬁe heavy channel doping required to provide adequate
suppressibﬁ of short-channel effects results in degraded mobility
and enhanced junction leakage. The aggréssive reduction of the

silicon dioxide $i0, gate dielectric thickness for reduced short-



1 channel effects and inproved drive current |eads to increased direct
tunnel ing gate | eakage current and standby power consunption, and al so
rai ses concerns regarding the gate oxide reliability. For device scaling
well into the sub-50 nmregine, a prom sing approach to controlling
short-channel effects is to use an alternative device structure with

mul tiple-gates, such as the double-gate and the surround-gate or

wr ap-around gate structure. 003 A sinple exanple of a multiple-gate device
is the doubl e- gate MOSFET structure, where there are two gate el ectrodes
on the opposing sides of the channel. There are several ways in which a
doubl e-gate structure can be inplenented. One way is the vertical - channel

doubl e-gat e FET. This is descrihed hy U S.__Patent .+ P37 HBlg i ssued
to O owder* e la) T iogEs, anst h“ﬁ%?rgffega%rri%gt i‘r“r'ilcj'frae%see _%}gl iGned Verti cal

doubl e-gat e FET, and by : No., 406962, Pl issued t hanel | o et
al. for aVér idﬁthﬁéﬁgh-?gFgedﬁgéﬁa ©gaté FEI device structure and met hod

for fabrééﬁ?d@ﬂﬁioﬁ, CARMOR feat uLes of cthese: tMedmiiRgdsHes ddwal dhile

source-to-drarn irection 1s oriented normal to the plane of the substrate

surface, .. pngd ihheygat®st eegate ghd1aehi @811 Sy ghkebu-Gd e pegimee ofa t he
promising approach to controlliﬁg short-channel effects is to use

an alternative device structure with multiple-gates, such as the

double-gate and the surround-gate or wrap-around gate structure.

003 A simple example of a multiple-gate device is the double-
gate MOSFET structure, where there axre two gate electrodes on the |
opposing sides of the channel. There are several ways ih which a
double-gate structure can be implemented. One way is the vertical-
charmnel double-gate MOSFET. This is described by U.S. Patent No.
6372559 ﬁl igssued to Crowder et al. for a method of fabricating a
self-aligned vertical double-gate MOSFET, and by U.S. Patent No.
6406962 Bl issued to Agnello et al. for a vertical trench-formed
dual-gate FET device structure and ﬁethod for fabrication. A
common feature of these two methods is that the source-to-drain
direction_is oriented normal to the plane of the substrate surface,-

and the gate-to-gate direction is parallel to the plane of the



2 substrate surface. The device fabrication processes for such a

doubl e-gate structure are typically conplicated, costly and suffer from
poor manufacturability. 004 - Another nethod to fabricate a doubl e-gate
MOSFET is described by U S. Patent No. 6413802 Bl issued to Hu et al. for
fin FET transistor structures having a double gate channel extending
vertically froma substrate and nethods for nmanufacture. In U S. Patent
No. 6413802 Bl, the device channel conprises a thin silicon fin forned on
an insul ative substrate (e.g., silicon oxide) and defined using an etchant
mask. Gate oxidation is performed, followed by gate deposition and gate
patterning to forma double- gate structure overlying the sides of the fin.

Both the source-to-_drain djrection.a e, gate-4s@akesdifbeckuen are in
the pl afeP§FratHe® ratg%§u%?§3§? ?%Fé %%vice};structure is widely

recogni zed. _to _be one 0 panuf. Aachbrbabl £ Soulloetgat endtauideur es.  An
integraéOFBé?D?@“%thﬁggﬁ%%gvg?gg?e N%gEET %escribed in US Patent No.

6413802 Bl is_{he. hapt, .gBsk;@@n the silicon fin. The retention of the
etchantfgggkp?épcfﬁgﬁal gﬁe taﬂ%?oblens faced in the etch process,

particularly relating to the etch selectivity of
004 : another method to fabricate a double-gate MOSFET is
described by U.S. Patent No. 6413802 Bl issued to Hu et al. for fin
FET transistor structures having a double gate channel extending
vertically from a substxate and methods for manufacture. In U.S.
Patent No. 6413802 Bl, the device channel comprises a thin silicon
fin formed on an insulative substrate f{e.g., silicon oxide) and
defined using an etchant mask. Gate oxidation is performed,
followed by gate deposition and gate patterning to form a double-
‘gate structure overlying the sides of the fin. Both the sgurce-to—
drain direction and the gate-to-gate direction are in the plane of
the substrate surface. This device structure is widely recognized
o be one of the most manufacturable double-gate structures. An
integral feature of the double-gate MOSFET described in U.S. Patgnt
No. 6413802 Bl is the etchant mask on the silicon fin. The
retention of the etchant mask is crucial due to problems faced in
the etch brocess} particularly relating to the etch selectivity of
the gate electrode with respect to the gate dielectrip during the

gate patterning step.



the gate electrode with respect to the gate dielectric during the gate
patterning step. 3 005 It is therefore an object of the present invention
to provide a multiple-gate transistor structure and a nethod for
fabricating the structure that allows transistor scaling beyond the limts
of the conventional bulk silicon MOSFET. Summary of the Invention 006 In
accordance with the present invention, a nultiple-gate sem conductor
structure and a nethod for fabricating the structure are provided. 007 In
a preferred enbodinment, a nultiple-gate sem conductor structure is

provi ded which includes a substrate.; source and drain islands forned in a
portion.of the substrate; a fin fornmed of a sem -conducting nateri al

havi ng a p surface.an t o si d I urf agesyconnecthngihhensesd conduct or
source a%@gdraln ?glandgh f:migﬁgléigctrgg aye? overlying the fin; and a

gate el ecl o I%R;F’Eﬁ%ea-r 'd@d t&'&%sibﬂoﬁnsw@ct&@ﬁe SHRRAGE athdAer 630
si dewal | ®*%urtaces of the fin separating the source and drain islands. 008
In the'nyéﬁfﬂyé%ig@“§m§gg}ﬁ@@@ﬂ?%ﬁﬁt&ﬂﬂ%ﬁ%uﬁﬁanéiﬁtor scaling beyond the

limitz of the conventional bulk silicon MOSFET.

summary of the Invention
006 In accordance with the present invention, a multiple-~gate
semiconductor structure and a method for fabricating the structure

are provided.

007 In a preferred embodiment, a multiple-gate semiconductor
structure is provided which includes a substrate; source and drain
iglands formed in a portion of the substrate; a fin formed of a
semi-conducting material having a top surface and twe sidewall
- surfaces connecting the semiconductor source and drain islands; a
gate dielectric.layer overlying the £fin; and a gate electrode
wrapping around the fin on the top surface and the two sidewall

surfaces of the fin separating the source and drain islands.

pos In the multiple-gate semiconductor structure, the
semiconducting material may be silicon, or may be s#licon and

germanium. The fin may be rounded at two top corners. The gate



sem conducting material may be silicon, or il
( , may be silicon and er i
Fggthg Q?Yiggnrgg?ggd 2}|Fmo top cprnegs. The gate 4 dielectrig Igsglug;y
, icon oxynitride, or a high permttivi i
iﬁgeféfgt{ron1the_grpup consisting of La203, Hf ON gAlQOBHIiékglgﬁdngﬁgglm
ve permttivity of the high pernittivit1 nateri -
_ ( al ma
:gg;t ?heTg:tgatgig::Lff}rlr | ayer nﬁy have a thigkness betmee% gi :;d
00A_ c layer may have a first thicknes h i
sidewal | surfaces and a second thickn i ol Cuhor
_ _ ( : ess on the fin top surf i
the first thickness is different fromthe second thickﬁess. ?ﬁg’sgggagln

t hi ckness may be smaller than the first thi
: . . : AT i ckness. . The i i
| ayer mayehesteria ﬂhyekn8381gnlﬁ¢ﬁgqy@ﬁcgﬁrqgﬁgf,Oﬁlghgo?ié¥§ﬁ%tfgggt?ﬁé;'SOA

009 ' The gate el ectrode ma
y be formed of - i Sl
be for mednibfh pekpitctyettal Mprer s} ifc?&ﬁcgjgpngﬁ!?txu r%%r%gﬁ;énbné;&%g,lggghgggff or may
nmetal. The source and drain is i ; med of - a
ext ensi oA GeghE, PRLCsolFCe a&hgg’g‘?szae%ge nae\,ia&liqgl ‘;!Qﬁw?tﬂiﬁ@ﬂ wrdeped or
conduct i : in""Tslands may be strapped by a
uctive material selected fromthe . .
high permittivity material may be at least 5. The gate dielectric
layer may have a thickness between 3A  and 100A. The gate
dielectric layer may have a first thickness on the f£in sidewall
surfaces and a second thickness on the fin top surface, wherein the
first thickness is different from the éecond thickness. The second
-thickness may be smaller than the first thickness. The gate

dielectric layer may have a thickness on the top surface of the fin

less than 2DA.

o0e ‘The gate electrode may be formed of poly-crystalline
silicon, or may be formed of poly-crystalline silicon germanium, or
. may be formed of a metal. The source and drain jislands each wmay
include a lightly doped or extension region. The source and drain
iglands may be strapped by a conductive material selected from the
group consisting of metals and silicides. Contacts between the
conductive material and the source and drain islands are made on at

least one of the sidewall and top surfaces of the fin.



group consisting of metals and silicides. Contacts between the conductive
material and the source and drain islands are nade on at |east one of the
sidewal | and top surfaces of the fin. 5 0010 The present invention is
further directed to a nmultiple- gate sem conductor structure that includes
a substrate that has a depression in a top surface, the depression

i ncl udes an undercut or a notch; a fin forned of a sem -conducti ng
material and has a top surface and two sidewall surfaces, the finis
positioned vertically juxtaposed to the depression in the top surface of
the substrate; source and drain regions fornmed in the sem -conducting
material of the fin; a gate dielectric |layer overlying the fﬁ@; §gg' a
gate elygghr ode Wrappragemr auwent hen fis fonthae dieSiedeldl? "Surfices, the
-top ‘'surface and a bottom of a base of the fin sepabagiqgagﬁgms%ggcg and
drai n regiense@fddndunt bhespobatiyplee tat e ReHEGhJuét8F "5t Fuct Ure, the

sem conducting material may include silicon,. or. i nel $dld.goR and
ger mani WeprEheidi donaytdre spsbneRd tiE @W?%ogo%@%%é%ﬁﬂdn% have fwo

square corners. The gate dielectric |ayer Y. i ngloude .1 Sihd OQdE QXitd, may
i ncl ude ssinbicebn @XM teraed oF I nE ﬂ%%ggyhérMéeg} a

surface and two sidewall surfaces, the fin is positioned,vertically
juxtaposed to the depression in the top surface of the substrate;
source and drain regions formed in the semi-conducting material of
the fin; a gate dielectric layer overlying the fin; and a gate
electrode wrapping around the fin on the two sidewall surfaces, the

top surface and & bottom of a base of the £in separating the source

and drain regions.

0011 In the multiple-gate semiconductor structure, the
semiconducting material may include silicop, or may include silicon
and germanium. The fin may be roundgq at two top corners,ror may
have two sguare COINers. The gate dielectric layer may includg
silicon oxide, may include gilicon oxynitride, or may include a
high permittivity material selected from the grouP consisting of
La,0,, BfON, Al1,0;, HfOo, and ZrC,. The relative permittivity may be
at least 5. The gate dielectric layer may have a thickness between
3A and 100A. The gate dielectric layer may have a first thickness

on the fin sidewall surfaces and a second thickness on the fin top



high permttivity material selected fromthe group consisting of La2GC3,

Hf ON, A12038, Hf Q2 and Zr02. The relative permttivity may be at |east 5.
The gate dielectric layer may have a thickness between 3A and 100A. _ The
gate dielectric layer may have a first thickness on the 'fin sidewall
surfaces and a second thickness on the fin top 6 surface, wherein the first
t hi ckness may be different fromthe second thickness. The second thickness
may be smaller than the first thickness. The gate dielectric |ayer may
have a thickness on the top surface of the fin | ess than 20A. 0012 In the
mul ti pl e-gate sem conductor structure, the gate electrode may include

poly-crystalline silicon, may include poly- crystallj silicon r.mani um
or may inohiwe, avierain The $ouseethhPeafiSaithy stl’ean‘?fsg]%d?néaﬁol"ﬁc Rde a

l'ightly doped or extension region. The source and drain jsl be
st rappedségorsl Wenduest ve Fag e?‘?%ﬁndséﬂhéc?f‘é‘asﬂg‘ﬁ%’tﬂ% a?%ipe%gc%ﬁ}st@%eg of
metal s and silicides. Contacts between the.conducti Lal.nand &:he
source aRtrel &PAckReEhdsTHRPIE ﬁﬁ‘\é\ﬁe%lﬁ }f‘%%rstn_\agnié_gg t_%gn si dewal | and
top surfaces of the fin. 013 The,presgnl, Lgkention is still further

0012 In the multiple-gate semiconductor structure, the gate
electrode may include poly-crystalline gilicon, may include poly-
crystalline silicon germanium, or may include a metal. The source
and drain islands may each include a lightly doped or extension
region. The source and drain islands may be strapped by a
' ;:onduct.ive material selected from the group consisting of metals
and silicides. Contacts between the conductive material and the
s-ource and drain islands may be made on at least one of the

sidewall and top surfaces of the fin.

0013 The present invention is still further directed to a
method for fabficating a multiple-gate semiconductor structure
which includes the steps of providing a substrate that includes a
semi—cc-mducting layer overlying an insulating layer; patterning and
forming a fin in the semi-conducting layer, the fin has two
éidéwall surfaces and a top surface; depositing a layer of a

dielectric material overlying the fin; depositing a layer of a



met hod for fabricating a nmultiple-gate sem conductor structure which

i ncludes the steps of providing a substrate that includes a

sem -conducting | ayer overlying an insulating |ayer; patterning and
formng a finin the sem-conducting |layer, the fin has two sidewal |
surfaces and a top surface; depositing a layer of a dielectric materi al
overlying the fin; depositing a |ayer of a conductive material overlying
the layer of dielectric material; patterning the |ayer of conductive
material formng a gate straddling across the two sidewall surfaces and
the top surface of the fin; and formng a source and a drain region in the
sem - conducting layer. 0014 The nmethod for fabricating a nultiple-gate
Seni CoNQuehQEL 1§ IiddHielmayekiyiher thnclagks tde PG oG 1Bhe seni -
conducting substrate in a material including silicaon, or in a nat%%ial

| 0
i ncl udi Rgcskkbhonn and geaymni wh JerRAURSENEd WRYSFiAt héP ™ HHRI dte € step

of formng the layer of dielectric material in silicon_ogxi The fdin
f or m ng qrradessngmcrbsst hee fwecBhdevwal ¥ isr"ﬂrfélﬁfe‘ﬁaet‘:réOll st%beo%:ﬁPn%?rs]%ae% c)v?/her ein

the fin surface snoothing step may further jnclu - §1.eR$,Of s emi -
sacrifi oitel foxi:datridorfoandna| gh SOUTce ané & dr3Sh Q%gigg 54 eVlsemi

conducting layer.

0014 The method for fabricating a multiple-gate semicondgctor
structure may further include the step of formipg the semi-
conducting substrate in a material including silicon, or in a
material inclﬁding silicon and germanium. The method may fu?ther
include the step of forming the layer of‘dielgct;ic material in
silicon oxide. The fin forming process may further include a fin
surface smoothing step, wherein the fin surface émoothing step may
- further include sub-steps of sacrificial oxidation and high
temperature annealing in 2 hydrogen ambient. The method may.
further incluae the step of forming the dielectric layer in a
material including silicon oxide, or silicon oxynitride, or a high
permittivity material selected from the group consisting of Lay0;,
BfON, Al,0,, HfO, and ZxO0,. The high permittivity material may have

a relative permittivity of at least 5.



o Lhe aren bl Do g e e Bt o aye TR0 e i
silicon oxide grosiI?Lghngx;gst?!gleCtric jayer ina . mterial ing{uding
’ _ ide, or a high ittivi i

iﬁgeﬁ}eﬁ f;onythe group consisting of La203, ngCﬁerX:EE£VIL¥Cgater|al
| east g' g rg]BBHEI%% material may have a relative perniitivityagg i;cn'
gate dielectric e nethod.nay further include the step of form
0 Cher inCIudc ﬁyer to a thickness between 3A and | 0oA. The rPLng iy
dielectric Iaygrtoﬁ fagpsﬁge&g[r]ng ? different thickness of tﬂg e
fin, _ surfaces and on the

or the step of formng the gate dielectric Iayert?g ZUELZFF ot the

thlckness n the ap i
Sukd f me St
| ayer of %%e S|dg&alp g%r?gfggjﬁ%?afﬁglfiﬁéh?ﬁiéﬁetgptﬁg QA SR eTcttr i o

the ste - e od _nay. t he
fimto % {9% EOL 1A NG ithe aygst ecdiseltbitinesd BRTVGH t rga JE}% ace'hé% r]t(:lhcl;Ole

step of gggglH;ifthLaLgffngﬁﬂwfgﬁharﬁﬁﬁgftS?dd?§¥1 BrthBAEEQkHHE t he
or poly- Crystal||ne si1icon germanium The u ] yZcrystalline silicon,
thicknesg of the dielectric layer on tﬁgﬂélggwg?¥ éﬁngBﬂé and on
the top surface of the fin, or the step of forming the gate
dielectric layer to a smaller thickness on the top surface of the
fin compared to the gate dielectric layer on the sidewall surfaces
of the fin. The method may further include the step of forming the
gate dielectrig layer on the top surface of the fin to a thickness
of less than 20A. The method may further include the step of
forming the gate in s material including poly—crystalliné silicon,
or poly-crystalline silicon germanium. The method may furthexr
include the step of forming the source oT drain region in a lightly
doped oY extension region. The method may furthexr include the step
of forming a layer of a conductive material on top of the source
and drain regions, OY forming the layer of ceonductive material in

a_material selected from the group consisting of metal, metallic

gilicide and metallic nitride.

0016 The present ipvention is still further directed to a
method for fabricating a multiple-gate semiconductor structure that

include the steps of providing 2 substrate that includes a semi-



include the step of formng the source or drain region in a lightly doped
or extension region. The nmethod may further include the step of formng a
| ayer of a conductive nmaterial on top of the source and drain regions, or
formng the layer of conductive material in a material selected fromthe
group consisting of nmetal, netallic silicide and netallic nitride. 0016 The
present invention is still further directed to a nethod for fabricating a
mul ti pl e-gate sem conductor structure that include the steps of providing
a substrate that includes a sem 9 conducting |ayer overlying an insul ating
| ayer; patterning and formng a fin in the sem --conducting layer, the fin
has two sidewall surfaces and a top surface; formng a de ressionani%l a top
surface efndeisgbdtwate caeraybaseanf inRBLITHI dEHIRE t i B T HYer *'6f a
dielectric material.overlying the fin; depositi r}n(% a I-t [er 9:‘; 12<C ctive
mat er | al foweinayi mg fihe imayEre ofewi efRAYGEC PRt EYAl . “hattEr ni'Rg the | ayer
of conductive material form ng a gat straddl.ing_agross t:he two. sideval |
sur f acessadeialde stEprarf PaCled0fOP t%%f"i:ﬁ: fid rﬁi%gglg source and czltsadrai n
regron Iguigixfigléhgogﬁggﬁgg% ggygrbase of the fin; depositing a layer

of a dielectric material overlying the fin; depositing a layer of

a conductive material overlying the layer of dielectric matexial;

patterning the layer of conductive materiazl forming a gate

straddling across the two gidewall surfaces and the top surface of

thé fin; and forming a source and a drain region in the semi-

conducting layer.

0017 The method for fabricating a multiple-gate semiconductor
structure may further include the step of.forming the depression in
the top surface of the substrate by undercutting at the base of the
fin, or the step of forming the depression by undercutting using an
etch process. The method may further include the step of forming
a layer of a conductive material on top of the source and drain
regions, or forming the layer of conductive material selected from
the group consisting of metal, metallic silicide and metallic

nitride. -

10



0017 The method for fabricating a nultiple-gate sem conductor structure
may further include the step of formng the depression in the top surface
of the substrate by undercutting at the base of the fin, or the step of
form ng the depression by undercutting using an etch process. The nethod
may further include the step of forming a layer of a conductive materi al
on top of the source and drain regions, or formng the |ayer of conductive
material selected from the group consisting of nmetal, netallic silicide

and netallic nitride. 10 Brief Description of the Drawi ngs 001B These and
ot her objects, features and advantages of the present invention wll

become apparent fromthe follow ng detailed descniﬁtion and. t he appended

drawi ngs in which: 001BrigguressTiRtieB ¥hd- FCPAPEBFY ar ged, perspective

views illustrating a fabrication process for_th resent, dJuenti efe

nul ti pl @ogat e stﬂﬁ@ﬁ&rénﬁh%ﬁ¥ﬁ§19?hﬁc§Fti%%ﬁ?qﬁeﬁsgggegpatﬁéﬁﬁéd and forned
bstrat ith i | ati I inb t ! {5

gﬂbgt fg_t{;_ersgng :mvent?gnl\?flul %elcgge a?';}/pea{reln@ %:t:g\@qﬁle @Slibxﬂxc'ng apdatihea

_ description and .the appended drawings in which:

0018 Figures 1A, 1B and 1C are enlarged, perspective views
illustrating & fabrication process for the present invention
multiple—gate structure wherein two silicon fins are patterned and

formed on a substrate with an insulating layer inbetween the fins

- and the substrate.

0020 Figures 2A and 2B are enlarged, cross-sectional views
illustrating the shapes of the silicon fins having sguare COINErs

and rounded corners, respectively.

0021 Figure 3 is an enlarged, cross-sectional  view'
illustrating an alternate embodiment of the present invention

wherein the buried oxide layer under the silicon fins is undercut

or notched by an etch process.

11



0020 Figures 2A and 2B are enlarged, cross-sectional views illustrating
the shapes of the silicon fins having square corners and rounded corners,
respectively. 0021 Figure 3 is an enlarged, cross-sectional view,
illustrating an alternate enbodi nent of the present invention wherein the
buri ed oxide |layer under the silicon fins is undercut or notched by an
etch process 11 0022 Figures 4A and 4B are illustrations of m crographs
obtained in a cross-sectional transm ssion electron mcroscopy inmage. 0023
Figures 5A and 5B are enl arged, plane views showi ng contact |ayouts for
the present invention sem conductor structures. 0024 Figures 6A and 6B are

graphs illustrating drain current versus _gate voltage_guryes. § hhe
present gongent i orFimulrespl4 gareé 4§ cﬁéﬁnélﬁéfﬁarﬁt%%rhanﬁgl I?[%Igp

respectively. Detailed Description of the Preferregd Fihodi ngit, Q025 The
present dovednedonnr @l RS GSERECTREI Brﬁ?smlssésrﬁoélon%luct or 'devi ces and to

the. manufacture of field effect transistors with nmultiple-gates for
scal i ng jofagehe conpl enent ary

0023 Figures 5a and 5B are enlarged, plane views showing

contaét layouts for the present invention semiconductor structures.

0024 Figures 6A and &B are graphs illustrating drain current
versus gate voltage curves for the present invention multiple-gate

N-channel and P-channel MOSFETs, respectively.

Detailed Description of the Preferred Embodiment
0025 The present invention relates to the £field of
semiconductor devices and to ‘the. manufacture of field effect
.transistors with multiple-gates for scaling of the compiementary
metal—éxide-semiconductor {CMOS) technology well into the sub-50

nanometer (nm) regime.

0026 Metal -oxide-semiconductor field effect transistor
(MOSFET) technology is the dominant semiconductor rechnology used
for the manufacture of ‘ultra—large scale integrated (ULSI)

circuite. Reduction in the side of MOSFETs has provided continued

12



nmet al - oxi de-sem conductor (CMOS) technol o i

_ ( _ gy well into the sub-50
(RE%Freglne. 0026 Met al - oxi de-sem conductor field effect transistor
( fET) technol ogy is the dom nant sem conductor technol ogy used
manuf acture of ultra-large scale integrated (ULSI) <circuits.

tgefside of MOSFETs has provided continued 12 inprovenent in speed
performance, circuit density, and cost per wunit function over the past few

decades. As the gate length of the MOSFET is reduced, the source and drain

nanomnet er

for the

Reduction in

increasingly interact wwth the channel and ini
: _ gain influence on the chan
potential. Consequently, a transistor wwth a short gate | ength suffergeI

from problens related to the inability of ﬁ i
y of the g ted,L 0 s%g%tantlal

control treroomand of fsmeat aedormABCE hafitefult

cost
na-suchas

A

r

educed

gate control associated with transistors_that _hay
shart lLengt hs
ﬁea W leﬁﬁ@ﬂr@ £Heng

are t er ned tslkionct chmaver @i 8eet. L9hErEaSeT bddy "

opl 1ig GO

WEVET

reduced gate oxide thickness, and ultra- shal] ficent r at 1 on,
Veys o MIBTIess SHAEdohshndC -cPr €8t £7oR B A et Tho v |
- n . .

gate oxi'ke channrenl rae clineg’aitnheigl%ggéﬁggergé ftclllre bogyndepi ngoeamce r at i on,

Congequently, 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-. Phencmena such as

reduced gate control associated with transistors that have short

channel lengths are termed short -channel effects. Increased body

doping corncentration, 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 requireménts for body-doping concentration, gate oxide

thickness, and source/drain (8/D) doping profiles

become

increasingly difficult to meet when conventional device structures

based on bulk silicon (8i) substrates are employed. The heavy

channel doping required to provide adequate suppression of short-

channel effects results in degraded mobility and enhanced junction

leakage. The aggressive reduction of the silicon dioxide 510, gate

dielectric thickness for reduced short-channel effects and improved

drive current leads to increased direct tunneling gate leakage

current and standby power consumption, and also ralses concerns

13
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t hi ckness, and source/drain .(S/D) doping profiles becone increasingly
difficult to neet when conventional device structures based on bulk
silicon (Si) substrates are enpl oyed. The heavy channel doping required to
provi de adequate suppression of short- channel effects results in degraded
nmobility and enhanced junction |eakage. The aggressive reduction of the
silicon dioxide Si02 gate dielectric thickness for reduced short-channel
effects and inproved drive current |eads to increased direct tunneling
gate | eakage current and standby power consunption, and al so raises
concerns 13 regarding the gate oxide reliability. Innovations in front-end
process technol ogies or the introduction of alternative device structures
are requiregdriins usiaigutichexiidst eelléabipace. of IBeeNdH@ns0G27 TremExEBAd t he
scalability of CMOS technol ogy beyond the I|imtations of the conventional
bul k MOSBEScans techmarldgiest vy the i keteeduahionofolsi 3 ComaERRERS Y 4S

mul tiple-gate device structure should be used. The introduq%ion of

addi t i onakrgateses mFeoveEuitRd teapatiadh b ecBlpIe g ePREE Y RS 3gafEs and
the channel, increases the control of the channel potential by the gate,
hel ps suppress short channel effects, and prolongs the scalability of the
MOS

0027 To extend the scalability of CMOS technology beyond the
limitations of the conventional bulk MOSFET and to realize the
ultimate limit of silicon MOSFETs, a multiple-gate device structure
should be used. 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.

0028 In the present invention, a fabrication process that
overcomes the process difficulties faced in U.S. Patent No. 6413802
is disclosed in which the use . of an etchant mask after the fin
formation process is eliminated. In addition, the précess
improvement to be described in the-present invention method results
in a multiple-gate structure that substantially wraps around a

silicon fin or a transistor channel. The multiple-gate structure

14



transistor. 0028 In the present invention, a fabrication process that
overcones the process difficulties faced in U S. Patent No. 6413802 is
di scl osed in which the use of an etchant nmask after the fin formation
process is elimnated. In addition, the process inprovenent to be
described in the present invention nethod results in a nultiple-gate

structure that

channel - The nultiple-gate structure 14 is superior in performance to those

substantially waps around a silicon fin or a transistor

described in the prior art references. Moreover, the fabrication process

IS superior or

nore manufacturabl e when conpared to the prior art methods.

0029 A process flow for fabricating the present .inventi 14.plg-gat e

st ruct urgs 18upesrisehemtiesaPryandsd uisd r%ﬁ% i slﬁrg%lﬁés ml%?lel e%ngplc. The
silicon fins 12,14 are formed of a sem -. conducting, material, sHGhas S on
top of arefevswicasi ngIGREOBET al t19 FBF* 819" & Biri ed o%ede, *and pat t er ned

using an etchant mask (not shown) .. e shant - ‘i ncl ude a
nateria|m@@ﬁﬁﬁﬁpgabé@dMMgbFowﬁgﬁ? to-gﬁe %%989 L TR HRY

silicon oxide,
et chant mask

0025

g an et process, such as photoresist,
silicon nitride, etc. In a preferred enbodi nent, the

A process flow for fabricating the present invention

multiple-gate structure 10 is schematically illustrated in Figures

14, 1B and 1icC. The gilicon fins 12,14 are formed of a semi-
I

conducting material, such as Si on top of an insu}ating material

layer 16, i.e., buried oxide, and patterned using an etchant mask

(not shown). The etchant mask may include a material commonly used

for masking an etch process, such as photoresist, silicon oxide,

gilicon nitride, etc. In a preferred embodiment, the etchant mask

is silicon oxide. In the present invention method, an opticnal fin

surface smoothing step is used to improve or reduce the surface

. . £1
roughness of the fin sidewalls. When the etchant mask used for fin

definition is silicon oxide, as in the preferred embodiment, 1t 18

removed either before or after the fin smoothing process. The

removal of the etchant mask on the gilicon fins 12,14 prior to gate

dielectric 20 formation allows the device to have at least a

triple-gate structure since the gate elgctrode 18 will finally be

formed on each of the two sidewalls 22,24,26,28 as well as the top

15



is silicon oxide. In the present invention nethod, an optional fin surface
snoothing step is used to inprove or reduce the surface roughness of the
fin sidewalls. When the etchant mask used for fin definition is silicon
oxide, as in the preferred enbodinent, it is renoved either before or
after the fin snoothing process. The renoval of the etchant mask on the
silicon fins 12,14 prior to gate dielectric 20 formation allows the device
to have at least a triple-gate structure since the gate electrode 18 will
finally be forned on each of the two sidewalls 22,24, 26,28 as well as the
top 15 surfaces 30, 32 of the fins 12, 14. If the etchant mask used for fin
definition is a photoresist, it has to removed bef or fi rface
snoot hi neprdiaepst 90 eddicd e fmnﬁhl%e}ﬁp'ergﬁu?%es 9 §g‘8nlgnmat%ehg§?nf%nof§%ﬁhi ng
process. The fin surface snoothing i er f.or ned bj | D& ifd ns

12, 14 t AefiddEiPpi ¢ at %}}Htﬁgteiséﬁtanﬁtfsolgassi ?(rzggen l@s{rﬁogéglaiﬁ%ﬁﬁé;g:tﬁnent (e.g.,

hi gh tenperature anneal at 1000C jn apbLent dmee usHEf a6 siwaiHa ng of
the fin S¥d&RE FEORHMTY t‘)“:’tltfte sggt%} Cie_p%lézh|![]k1§\l‘:/’errenr!tlpeof Sood carrier

mobi | i i £ Dn?ﬁ%ﬁ%hﬁg%f%es‘g@et heL the sidr.eansaxside et cBaper fasked Sy enoved
prior to theHin s ing step, the shape of the fin may be square-Ilike
or roundgﬁkjecting the fins 12,14 to a sacrificial oxidation and/or silicon
cidewall treatment (e.g., high temperature anneal at 1000°C in H,
ambient). The surface smoothing of the fin sidewalls contributes
to the achievement of good carrier mobilities. Depending on
- whether the silicon oxide etchant mask is removed prior to the fin

smoothing step, the shape of the fin may be sguare-like or rounded

at the top. This is illustrated in Figures 2A and 2B.

0030 In an alternéte embodiment, the buried oxide 16 under the
gilicon fins 12, 14 is undercut or notched by using an etch
process. The etch process can be a.plasma etch or a wet etch using
dilute hydroflouric 2cid (HF). The undercut 40 (or notch} of the
substrate insulating layer underlying the gilicon fins 12, 14
allows the formation of an omega-shaped gate electrode 36 as
depicted in Figure 3. The feature allows additional capacitance
coupling between the gate and the channel underneath the fin, and

the structure thus emulates a wrap-around gate but avoids the

16



at the top. This is illustrated in Figures 2A and 2B. 0030 In an alternate
enbodi nent, the buried oxide 16 under the silicon fins 12, 14 is undercut
or notched by using an etch process. The etch process can be a plasma etch
or a wet etch using dilute hydroflouric acid (HF). The undercut 40 (or
notch) of the substrate insulating |ayer underlying the silicon fins 12,
14 allows the fornmation of an onega-shaped gate el ectrode 36 as depicted
in Figure 3. The feature allows additional capacitance coupling between
the gate and the channel underneath the fin, and the structure thus

enul ates a wap-around gate but avoids the 16 e e ..
process difficulties associated with _the imlenmentation_of.the_-w.ap-around
struct urocthe PhEEedihg afest?IqRiRERICYAPRettES HﬂgﬁFpﬁnt?%%%gtfgnF%%031 The
present invention process is followed.b te_ .dielectr]i f t;ion. The
gate di etrectrreund SHEPCHETE or ARG Hfi’fcefiﬁé? ﬁ‘%“&’xﬁpég ﬁoéno,rdpc eg‘%scgliig?algor
deposition, sputtering, etc. In general, the thickness of the gate

di el ect ricem@&yCBe different on the sidewalls 22,24,26,28 of the fin and
the tops 30,32 of the fin.

0031 The present invention process iz followed Dby gate
dielectric 38 formation. The gate dielectric 38 may be formed by
thermal oxidation, chemical vapor deposition, sputtering, etc. Iin
general, the thickness of the gate dielectric may be different on
the sidewalls 22,24,26,28 of the fin and the tops 30,32 of the fin.
Depending on thé technique of gate dielectric formation, the gate
dielectric thickness on the tops 30,32 of the fin may be thinner
.than the thickness on the fin sidewalls 22,24,26,28. In one
embodiment, the gate dielectric thickness on the top surfaces 30,32
of the fin is lesé than 20A. The gate dielectric way include a
. coﬁventional material such as silicon dioxide or gilicon oxynitride .
with a thickness ranging from 3A to 100A, preferably 10A or less.
The gate dielectric may also include a high permittivity (high-¥k)
material such as aluminum oxide Al,0, hafnium oxide HfO,, zirconium
oxide Zr0,, with an equivalent oxide thickness of SA to 100A. A

cross-sectional transmission electron spectroscopy (TEM) image of
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Dependi ng on the techni que of gate dielectric formation, the gate
dielectric thickness on the tops 30,32 of the fin may be thinner than the
t hi ckness on the fin sidewalls 22,24,26,28. In one enbodinent, the gate
dielectric thickness on the top surfaces 30,32 of the fin is less than
20A. The gate dielectric may include a conventional material such as
silicon dioxide or silicon oxynitride wth a thickness ranging from3Ato
100A, preferably 10A or less. The gate dielectric my also include a high
permttivity (high-k) material such as al um num oxi de A120, hafni um oxi de
Hf 2, zirconium oxide ZrQ2, with an equival ent oxide thickness of 3Ato

100A. A cross-sectional transm ssion electron. s r P¥n (TEMhdwRge of
17 the sidd eobitem Gin 12.aft dECatB i gﬁ%i??’iﬁ’él%g’%fcéfrc’%g‘g?onnils shown in

Figure 4A. The TEMimage shows a fin that J. miald nm2®ahin »des and
st ands oim angurdetut Tg‘ﬁr?@ﬂl ”d‘}ﬁgﬁ*e.sgaﬁ%za l>§<1t 11_Zﬁta1 e gate naterial 42 is

deposited. The gate paterial _h ysiahd ine-silicon (poly-Si),
pol y- cr yeitdsl,| pRE SS9 68rﬁ%§¥ﬂﬂ$k%§%¥ggicb), a refractory metal such as
nol ybdenum and tungsten, conpounds such as titaniumnitride, or other

conducting materials. A gate mask (not shown) is defined and
0032 Next, the gate material 42 is deposited. The gate

material maylxepolycrystalline—silicon.(poly-Si), poly-crystalline
silicon germanium {poly-SiGe), a refractory metal such as
moiybdenum and tungsten, compounds such as titanium nitride, or
other conducting materials. A Qate magk (not shown) is defined and
the underlying gate material 42 ig etched to form the gate
electrode 36. The gate etch stops ol the gate‘oxide, and the gate
is electrically isolated from the transistor structure by the gate
oxide. 1In the preferred embodiment, the gate material is poly-5i
and the gate oxide is silicon oxynitride. A plasma etqh using
chlorine and bromine chemistry may be used to achieve a high etch
selectivity in excess of 2000. A high etch selectivity is critical
for device structures with'a tall fin and aggressively scaled gate
oxide thickness. After the definition of the gate 50, the masking
material can be removed. The lightly-doped drain (LDD) oxr drain

extension is formed next. This may be aqhieved by ion

implantation, plasma immersion ion implantation (PIII), or other
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t he underlying gate material 42 is etched to formthe gate electrode 36.
The gate etch stops on the gate oxide, and the gate is electrically
isolated fromthe transistor structure by the gate oxide. In the preferred
enbodi ment, the gate material is poly-Si and the gate oxide is silicon
oxynitride. A plasma etch using chlorine and brom ne chem stry may be used
to achieve a high etch selectivity in excess of 2000. A high etch
selectivity is critical for device structures with a tall fin and
aggressively scal ed gate oxide thickness. After the definition of the gate
50, the masking material can be renoved. The |ightly-doped drain (LDD) or

drain extension is fornmed next. This nmay be achiev I,QN; o1 FpLadd at i on,
pl asma i neelsices) SROThEIEntaes o' CBFI T“)’él o%eo%he? %aét)ée%cﬁni ques known and

used in the art. Next, a spacer 48 is formed ch goknkhenshaenahy s
44, 46 of opheagatd 5HeaRt e Charinér 8% t@%ﬁ%@%?f%ﬁ and sel ective etching
of the spacer, material. The_ .spacer,mpteri-al,  Bysdnechudg i disel.ect The
nateriald§8%§92%?gﬁﬁﬁa:I%E%%tﬁfgdéﬁgpggélicon dié%%de as illustrated in

Figure 4B. 0033 In f.elhedeeqbodingit-i ct hetspacersuwh ias aiditegon
nitridelﬁ??ﬁﬁfggﬁﬁgg? égépéber. Kfter spacer 48 formation, source

nitride or silicon dioxide as illustrated in Figure 4B.

0033 In the preferred embodiment, the spacer 48 is a silicon
nitride/oxide composite spécer. After spacer 48 formation, source
and drain regions (not shown) are doped by ion implantation, PIII,
gas or solid source diffusion, or any other techniques known and
used in the art. Any implant damage oI amorphization can be
annealed through subseguent exposure to elevated temperatures. The
resistance of the source, drain, and gate 50 can also be reduced by
strapping the source, drain, and gate 50 with a conductive
material.  The conductive material may be a metallic silicide such
as titanium silicide, cobalt silicide, or nickel silicide, a
metallic nitride such as titanium nitride and tantalum nitride, a
metal such as tungsten and copper, O a heavily doped semiconductor
such as n+ doped 8i. In the preferred embodiment, the conductive
material is cobalt silicide which may be formed by a self-aligned

silicide (salicide) process. The cobalt-silicided poly-Si gate is
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and drain regions (not shown) are doped by ion inplantation, PIIIl, gas or
solid source diffusion, or any other techniques known and used in the art.
Any i npl ant damage or anorphi zation can be anneal ed through subsequent
exposure to el evated tenperatures. The resistance of the source, drain,
and gate 50 can al so be reduced by strapping the source, drain, and gate 50
with a conductive material.. The conductive material may be a netallic
silicide such as titaniumsilicide, cobalt silicide, or nickel silicide, a
metallic nitride such as titaniumnitride and tantalumnitride, a netal
such as tungsten and copper, or a heavily doped sem conductor such as n+

doped Si. In the preferred enbodi ment, the condyetiye, material. isq.gobalt
sili ci deswpieh ey 8 For HRd by'3 £0ef ‘%lgcr?edgﬁl%i Eaine (e:,g;‘ﬁ i i’ de)

process. The cobalt-silicjded poly:Sl e bSch9+§ho i Br Figar ei¥Basln the
sour ce aﬁ@néﬁ%ﬁﬁYer§§F8ﬁ§?it%%yp%%ﬁgﬁgfgsg materi al nggpbe fornmed on both

the top of _the fin as 1 thegsidewal | of the fin. 0034 Next, contacts
are fornﬁﬁlicFﬁlﬁgesgﬁ?%@gidfgfﬁ ang gate regions using techniques known

and used in the art- It is inportant to achieve a very |ow contact
resi stance in nanoscal e

0034 Next, contacts are formed to the source, drain and gate
regions using technigques known and used in the art. It is
important to achieve a wvery low contaqt resistance in nanoscale
- devices. One way to reduce the contact resistance ig to increase
the contact area by making contact with the fin sidewall. The

contact layout {(top view) shown in Figures 5A and 5B may be used.

0035 In Figure 6A, the drain current versus gate voltage of
ﬁhe multiple-gate N-channel and p-channel MOSFETs with gate lengths
of 25 nm are shown. N+ and P+ dual poly-Si gates are adopted for
ﬁ— and P-channel MOSFETS, respectively. At a supply voltage of 0.7
-V, the drive currents fér the N-and P-channel devices are 1300
mA/pm and 550 mA/um, respectively, as shown in Figure €B. For a
supply voltage of 1 V, in-situ doped N+ poly gate may be used for

both the N- and P- channel transistors.
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devices. One way to reduce the contact resistance is to increase the
contact area by nmaeking contact with the fin sidewall. The contact |ayout
(top view) shown in Figures 5A and 5B nay be used. 0035 In Figure 6A the
drain current versus gate voltage of the multiple-gate N-channel and
P-channel MOSFETs with gate lengths of 25 nmare shown. N+ and P+ dual
poly-Si gates are adopted for N and P-channel MOSFETs, respectively. At a
supply voltage. of 0..7 V, the drive currents for the N-and P-channel
devices are 1300 mA/fLm and 550 mA/um respectively, as shown in Figure
6B. For a supply voltage of 1 V, in-situ doped N+ poly gate may be used

for both the N- and P- channel transistors. Wi Ledhe present
i nvent i @o3kas bedWides&MRb@F PR an 1 FTUSTT a %%e}g)%%gner, it should be

understood that the terninolo ed_is. dJuendadit 9 bend neamabubey of
wor ds ofildesEFptieoMarRthertt t éjﬁl'iéf g?i‘%nlc%éa}{si on. 0037 Furthernore, while

the present invention_ has been _descli-beg: ipARr B8 8ésarpafer redhand an
alter nat‘@eénﬁﬁdjrrr‘Feeﬁ’t%,edi EO 7S Jtrho abgélappreci ated that those skilled in the

art wil Ithra%aglfl yimi%@ignt_ hese teachings to other possible variations of the

0037 furthermore, while the present invention has Dbeen

described in terms of a preferred and an alternate embodiment, 1t
is to be appreciated that those skilled in the art will readily
apply these teachings to other possible variations of the

inventions.

0038 The embodiment of the invention in which an exclusive

property or privilege is claimed are defined as follows.
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i nventions. 0038 The enbodi nent of the invention in which an exclusive
property or privilege is clainmed are defined as follows. 21 CLAIMS that is
claimed is: 1. A multiple-gate sem conductor structure conprising: a
substrate; source and drain islands formed in a portion of said substrate;
a fin formed of a sem -conducting material having a top surface and two
sidewal | surfaces; a gate dielectric |ayer overlying said fin; and a gate
el ectrode wrapping around said fin on said top surface and said two
sidewal | surfaces separating source and drain islands. 2. The

mul ti pl e-gate sem conductor structure of claim1l1, wherein said

sem -conducting material conprises silicon. 3. The nmultiple-gate

sem conduct or structure of claiml,C rein said sem -conducting nateri al

conprises silicon and .
what is claimed is:

i A multiple-gate semiconductor structure comprising:

a substrate;

source and drain islands formed in a portion of said

substrate;

a fin formed of a semi-conducting material having a top

surface and two sidewall surfaces;
a gate dielectric layer overlying said fin; and
a gate electrode wrapping around said fin on said top

surface and said two sidewall surfaces separating source and drain

islands.

2. The multiple-gate semiconductor structure of claim 1,

wherein said semi-conducting material comprises silicon.

3. The multiple-gate semiconductor structure of claim 1,
wherein said semi-conducting material comprises silicon and

germanium.

4. The multiple-gate semiconductor structure of claim 1,

wherein said fin is rounded at two top COINErs.
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germanium 4. The multiple-gate sem conductor structure of claim.1,
"Wherein said finis rounded at two top corners. 22 5. The nmultiple-gate
sem conductor structure of claim1, wherein said gate dielectric |ayer
conprises silicon oxide. 6. The nultiple-gate sem conductor structure of
claiml1l, wherein said gate dielectric |layer conprises silicon oxynitride.
7. The nultiple-gate sem conductor structure of claiml1l, wherein said gate
dielectric layer conprises a high permttivity material selected fromthe
group consisting of La2G3, H ON, A1203, H 2 and Zr02. 8. The

mul ti pl e-gate sem conductor structure of claim1l1, wherein said high
permttivity material having a relative permttivity of at |least 5. 9. The
mul tipl e-gate serd copgugt.Qr ; §1d-Ustrer senfcaidaionot, st vmdrgienoS fildifat e
dielectric layer having a thickness between 3A and 100A. 23 10. The

mul tipl e;dat e, SesH £ reectos) sivriet Ubgenfcalraiimes silicon oxide.

6. The multiple-gate semiconductor gtructure of claim 1,

wherein said gate dielectric layer comprises silicon oxynitride.

7. The multiple-gate semiconductor structure of claim i,
wherein said gate dielectric layer comprises a high permittivity
material selected from the group consisting of La,0,, BION, Al;0,,

HfO, and ZrO,.

8. The multiple-gate semiconductor structure of claim 1,
wherein said high permittivity material having a TrTelative

permittivity of at least 5.

9. The multiple-gate semiconductor structure of claim 1,
wherein said gate dielectric layer having a thickness between 3A

and 100A.
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1, wherein said gate dielectric layer having a first thickness on said fin
sidewal | surfaces and a second thickness on said fin top' surface, said
first thickness being different fromsaid second thickness. 11. The

mul ti pl e-gate sem conductor structure of claim 1, wherein said second
thickness is smaller than said first thickness. 12. The nultiple-gate

sem conduct or structure of claim 1, wherein said gate dielectric |ayer
having a thickness on the top surface of said fin less than 20A. 13. The
mul ti pl e-gate sem conductor structure of claim 1, wherein said gate

el ectrode conprises poly--crystalline silicon. 14. The nultiple-gate

sem conductor structure of claim 1, wherein said gate electyode copprises.
pon-crystaIIinelgllifﬁg1mmatﬁﬁmétgntﬁbﬁeF5P°¥ﬁEcﬁﬂ¥t?ﬁﬁ%?—gaFe sem conduct or
structure of claim 1, wherein said gate el ectrode conpri A-08tah. 16.
The mul {i pie:Gake saedi gond@ordecsT +uckANe BFV&Pﬁi%1£%%E% ﬁ%géé?ﬁ sai d source

and draih 1slands each conprises a_lightl X aid fin top
caid fin sidewall surfaces and a secéﬁd thickness on

s being different from said second

surface, gaid first thickne

thickness.

11 The multiple-gate semiconductor structure of claim

) - 3 - . rSt
1 wherein said gecond thickness 18 smaller than said fi
! ' .

thickness.

12 The multiple-gate semiconductor structure of claim

i ' to
1, wherein said gate dielectric layer having a thickness on the top

surface of said fin less than 20A.

13 The multiple-gate semiconductor structure of claim

g i y"' y i i 1iCOI’l.
'

14 The multiple-gate semiconductor structure of claim

ystalliné silicon

1, wherein said gate electrode comprises poly-cr
I

germanium.

24



doped or extension region. 17. The nultiple-gate sem conductor structure of
claim 1, wherein said source and drain islands are strapped by a
conductive material selected fromthe group consisting of netals and
silicides. 18. The multiple-gate sem conductor structure of claim 17,
wherein contacts between said conductive material and said source and
drain islands are on at |east one of the sidewall and top surfaces of the
fin. 25 19. A multiple-gate sen conductor structure conprising of: a
substrate having a depression in a top surfacer said depression conprises
an undercut or a notch; a fin fornmed of a sem -conducting material having a
top surface and two sidewall surfaces, said_fin bein cgp§£tggng§%ﬁm
vertically juxtapesedrie sditd pdeprassisGiicAnSard°t op Sirface "of the
substrate; source and drain re%ions fornmed in saig sem - conduct i ng
mat eri al, ofhesaiich Bhhg gate electrode comprises & MELat

16. The multiple-gate semiconductor structure of claim

1, wherein said source and drain islands each comprises a lightly

doped or extension region.

17 The multiple-gate semiconductor structure of claim

1, ‘wherein said source and drain islands are strapped by a
I

conductive material selected from the group consisting of metals

and silicides.

18. The multiple-gate semiconductor structure of claim

17, wherein contacts between said conductive material and said

source and drain islands are on at least one of the_51dewall and

top surfaces of the fin.
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a gate dielectric layer overlying said fin; and a gate el ectrode w appi ng
around said fin on said two sidewall surfaces, said top surface, and a
bottom of a base of said fin separating said source and drain regions. 20.
The nul ti pl e-gate sem conductor structure of claim 19, wherein said

sem -conducting material conprises silicon. 21. The nultiple-gate

sem conduct or structure of claim 19, wherein said sem -conducting nateri al
conprises silicon and germanium 26 22. The nultipl e-gate sem conduct or
structure of claim 19, wherein said fin is rounded at two top corners. 23.
The nul ti pl e-gate sem conductor structure of claim 19, wherein said gate
dielectric |layer conprises silicon oxide. 24. The nult.pl_e- e

senmi conduct or st R@ct Uk enwift igllg-FRte FETIGR élFFiO’éa?%r%%gtlgedic%ﬁie)g%?%%gI ayer
conprises silicon oxynitride. 25. The multipl e-gate sem conduct or
structupé:of claim 19, wherein said gate dielectric |ayer conprises a high

permittivity material selected from the group, consi sidgig.gieacazBaia
depression comprises an undercut or a notch;

a fin formed of a semi-conducting material having a top

surface and two sidewall surfaces, said £fin being pogitioned

vertically juxtaposed to said depression in said top surface of the

substrate;

source and drain regions formed in said semi~-conducting
material of said fin;

a gate dielectric layer overlying said fin; and

a gate electrode wrapping around said fin on-said two
sidewall surfaces, said top surface, and a bottom of a.base of said

fin separating said source and drain regions.

20. The multiple-gate semiconductor structure of claim

19, wherein said semi-conducting material comprises silicon.

21. The multiple-gate semiconductor structure of claim
19, wherein said semi-conducting material comprises silicon and

germanium.
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Hf ON, A1203, H 02 and ZrQ2. 26. The nultipl e-gate sem conductor structure
of claim 25, wherein said high permttivity material having a relative
permttivity of at least 5. 19, 27. The nultipl e-gate sem conductor’
structure of claim wherein said gate dielectric |ayer having a thickness
between 4 3A and bOCA. 27 19, 28, The nultiple-gate sem conductor structure
of claim wherein said gate dielectric layer having a first thickness on
said fin sidewall surfaces and a second thickness on said fin top surface,
said first thickness being different fromsaid second thickness. 29. The
mul tipl e-gate sem conductor structure of claim 19, wherein said second
thickness is smaller than said first thickness. 30. The multiplg-gate

semi conduct or st rakct uFseofutt Hp-gate semiconductor structure of cid

19, wherein said fin is rounded at two fop COrners.
! .

23. The multiple-gate semiconductor structure of claim

19, wherein said gate dielectric layer comprises gsilicon oxide.

24. The multiple-gate semiconductor structure of claim
19, - wherein said gate dielectric layer comprises silicon

oxynitride.

25. The multiple-gate semiconductor structure of claim
19, wherein said gate dielectric layer comprises a high
permittivity material selected from the group consisting of La,0;,

HfON, Al,0,, HfO, and Zr0,.

26. The multiple-gate semiconductor structure of claim
25, wherein said high permittivity material having a relative

permittivity of at least 5.

27. The multiple-gate semiconductor’ structure of claim
19, wherein said gate dielectric layer having a thickness between

3A and 100&.
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19, wherein said gate dielectric |ayer having a thickness on the top
surface of said fin less than 20A. 31. The multi pl e-gate sem conduct or
structure of claim 19, wherein said gate el ectrode conprises
poly-crystalline silicon. 32. The nultiple-gate sem conductor structure of
claim 19, wherein said gate el ectrode conprises poly-crystalline silicon
germani um 28 33. The multiple-gate sem conductor structure of claim 19,
wherein said gate el ectrode conprises a netal. 34. The nultiple-gate

sem conductor structure of claim 19, wherein said source and drain islands

each conprises a lightly doped or extension region 35. The nultiple-gate
sem conduct or structure of cl

ai r i sl ands
are strapped by a2 coﬁ'ﬂa‘ﬁc?‘rﬂvtél% @raltﬁl sinéjr 1-f%“l&%]p:rro ﬁ%ﬁgﬁé&%&dgs%gpg“ ng
of netals and sjlici t4i R Iugtur e of
claim 1%, WheFeth Sé‘d%t%%‘ie jStagsnY 1a§J % H%&g%%ggggu&ﬁﬁkﬁs

et Veen said conductive material and said

source and drain islands are on al.d gast-Qne «@fickhessi dewalia and cop

said

surface, said first thickness being different from said second

thickness.

29. The multiple-gate semiconductor structure of claim

19, wherein said second thickness is smaller than said £irst

thickness.

30. The multiple-gate semiconductor structure of claim
19, wherein said gate dielectric layer having a thickness on the

top surface of said fin less than 20A.

31. The multiple-gate semiconductor structure of claim

19, wherein said gate electrode comprises poly-crystalline silicon.
32. The multiple-gate semiconductor structure of claim

19, wherein said gate electrode comprises poly-crystalline silicon

germanium.
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top surfaces of the fin. 29 37. A nmethod for fabricating a nultiple-gate
sem conduct or structure conprising the steps of: providing a substrate
conprising a sem -conducting |layer overlying an insulating |ayer;
patterning and forming a fin in said sem -conducting |layer, said fin
having two sidewall surfaces and a top surface; depositing a |layer of a
dielectric material overlying said fin; depositing a |ayer of a conductive
material overlying said |layer of dielectric material; patterning said

| ayer of conductive material formng a gate straddling across said two
sidewal | surfaces and said top surface of the fin; and formng a source

and drain region in said sem -conductin .ggghgg @ﬁaghain137
further conprisirg- .t hBhg ey tigrler §Rhe iéhﬁﬁ%@ sgﬁsg-conductlng | ayer in a

material conprising silicon .
19 236161n!%ald gate electrode comprises a metal.
I

34 The multiple-gate semiconductor structure of claim
19, wherein said source and drain islands each comprises a lightly

doped or extension region.

35 The multiple—gate-semiconductor structure of claim
19, wherein salid source and drain islands are strapped by a
conductive material aelected from the group consisting of metals

and silicides.

36. The muitiple- gate semiconductor structure of claim
d

19, wherein contacts between sald conductive material and sai
source and drain islands are on at least one of the gsidewall and

top surfaces of the fin.
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30 39. The nethod of claim37 further conprising the step of form ng said
sem -conducting layer in a material conprising silicon and germani um 40.
The nethod of claim37 further conprising the step of formng said | ayer
of dielectric material in a material conprising silicon oxide. 41. The

met hod of claim 37, wherein said fin formng step further conprising a fin
surface snoothing step. 42. The nethod of claim4l, wherein said fin
surface snoothing step further conprising sub-steps of sacrificial

oxi dation and high tenperature annealing in a hydrogen anbient. 43. The

met hod of claim 37, further conprising the step of formng said dielectric

| ayer in a material conprisin SI|I P @%ﬁ@@?l@i gtai m 37
gat '
further conprisiRg-the §teﬁm%ék ﬁgf n%le ectric layer in a
mat erial conprising silicon ox n|tr|d )
semlggnducté% structure omprlslng the steps of:
providing a substrate comprising a semi-conducting layer
overlying an insulating layexr;
patterning and forming a fin in said semi-conducting
layef said fin baving two sidewall gurfaces and a top surtface;
depositing a layer of a dielectric material overlying
said fin;
| depositing a layer of a conductive material overlying
said layer of dielectric material;
patterning said layer of conductive material forming a
gate straddling across said two sidewall surfaces and said top
surface of the fin; and

forming a source and drailn region in said gemi-conducting

layer.

38. The method of claim 37 further comprising the step
of forming said semi-conducting layer in a material comprising

silicon.
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31 45. The nmethod of claim 37, further conprising the step of formng said
gate dielectric layer in a high permttivity nmaterial selected fromthe
group consisting of La2G3, H ON, A1203, Hf02 and Zr02. 46. The method of
claim45, wherein said high permttivity material has a relative
permttivity of at least 5. 47. The nethod of claim37, further conprising
the step O of formng said gate dielectric |ayer to a thickness between 3A
and O 1.00A. 48. The method of claim 37, further conprising the step of
formng a different thickness of said dielectric |layer on the sidewall
surfaces and on the top surface of the fin. 49. The nethod of claim 37,

faurther conpri si ng the st %EBB éu‘f'f Criia sai gugajie% A GLeeLihg ‘l;@é/%tetﬁ) a

snaller thlckness on tQR? ace o the i'n conpared to the g
d| electric | ayerngonsgltée semld%wﬁ!iucéﬂ{é afgﬁ,ﬂof id hg fﬂhger;@gl comprlslng

of formi
Ry
gilicon and germanium.

40. The method of claim 37 further comprising the step

of forming said layer of dielectric material in a material

comprising gilicon oxide.

41. The method of claim 37, wherein said fin forming

step further comprising a fin surface smoothing step.

E 42. The method of claim 421, wherein said fin surface
smoothing step further comprising sub-steps of sacrificial

oxidation and high temperature annealing in a hydrogen ambient .

. 43. The method of claim 37, further comprising the step
of forming said dielectric layer in a material comprising silicon

oxide.

44 . The method of claim 37, further comprising the step
% of forming said gate dielectric layer in a material comprising

silicon oxynitride.
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50. The nethod of claim 37, further conprising the step of formng the
gate dielectric layer on the top surface of the fin to a thickness of |ess
than 20A. 51. The nmethod of claim 37, further conprising the step of
formng said gate in a material conprising poly-crystalline silicon. 52.
The nethod of claim37, further conprising the step of formng said gate
in a material conprising polysilicon .germanium 53. The nethod of claim
37, further conprising the step of formng said source or drain region in
a lightly doped or extension region. 54. The nethod of claim 37, further
conprising the step of formng a |ayer of a conductive material on top of

said source and drain r%%%%gﬁgggaﬁgﬁﬁqu n§§pggﬂpgo%bggglggﬂjﬁygtagr

conprising the st®p ohe f ayel of conductive material in a
material selected framthe group i st of n mat alsgnetaddi e istikiyci de
and net aﬁn%or"ﬁiﬂﬁrﬁfé% S GALHRAY St Olo s

material selected from the group consisting of La,0;, HION, Al,0;,

HEO, and Zr0,.

46. The method of claim 45, wherein said high

permittivity material has a relative permittivity of at least 5.

47. The method of claim 37, further comprising the step

of forming said gate dielectric layer to a thickness between 3A and

100A.

48. The method of claim 37, further comprising the step
of forming a different thickness of said dielectric layer on the

sidewall surfaces and on the top surface of the fin.

49. The method of claim 37, further comprising the step
of forming said gate dielectric layer to a smaller thickness on the
top surface of the fin compared to the gate dielectric layex on the

sidewall surfaces of the iin.
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56. A nethod for fabricating a "nultiple-gate sem conductor structure
conprising the steps of: providing a substrate conprising of a

sem -conducting |ayer overlying an insulating |ayer; patterning and
formng a fin in said sem -conducting |ayer, said fin having tw sidewal |
surfaces and a top surface; formng a depression in a top surface of the
substrate at a base of said fin; depositing a |ayer of a dielectric
material overlying said fin; t,. depositing a | ayer of a conductive
material overlying said |layer of dielectric material; patterning said

| ayer of conductive material formng a gate straddling across said two

sidewal | surfaces and said to urface f i d; foramane arspurce
and a drain regi otPinT E%ﬂﬁﬂgﬁﬁlog 9 % éj%%nc %BS% fﬂ] met hod for

fabrlcatkn%Ong%gtgﬁg gage 5aelectric layer on the top surface of the fin

to.a thickness of less than 20A.

51. The method of claim 37, further comprising the step |

. of forming said gate in a material comprising poly-crystalline

silicomn.

52 . The method of claim 37, further comprising the step
of forming said gate in & material comprising polysilicon

. germanium.

53. The method of c¢laim 37, further comprising the step
of forming said source O drain region in a lightly doped or

extension region.

54. The method of claim 37, further comprising the step
. of forming a layer of a conductive material on top of said source

and drain regions.
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sem conductor structure according to claim56, further conprising the step
of form ng said sem -conducting layer in a material conprising silicon.

58. The nethod for fabricating a multiple-gate sem conductor structure
according to claimb56, further conmprising the step of formng said

sem -conducting layer in a material conprising silicon and germani um 59.
The nmethod for fabricating a nultiple-gate sem conductor structure
according to claim56, further conprising the step of form ng said |ayer
of dielectric material in a material conprising silicon oxide. 60. The

met hod for fabricating a nmultiple-gate sem conductor structure according

to claimb56, wheregn sald fokfoalfOf M1RGmSELP filtftiaer csr@ﬁsaa{éisgs raef kpegur f ace
snoot hing step. 35 61. The nethod for fabricating a nultiple-gate

sem condyet QS hEUst 1K € 2966 U dicBEat O Bl 69:iawher ai masatichlf kBlested ace
snoot hing step further conprises sub-steps all sacrificial oxidation and
hi gh t enpggAtuleegabRsaidrzd stind Jdty Gheegen maedilantc. s62iclde arel hedalbdic
fabricating a multiple-gate

nitride.

56. 2 methocd for fabricating a ‘nmltiplé:gate
semiconductor structure comprisiﬁg the zteps of:

providing a spbstrate comprising of a semi-conducting
layer overlying an insuiating laYer;

patterning and forming a fin in said semi-conducting
layer, said fin haviné two sidewall surfaces and a top surféce;

forming a depression in a top surface of the substrate at

2 base of said fin;

depositing a layer of a dielectric material overlying

said fin;

depositing a layer of a conductive material overlying
said layer of dielectrxic material;

patterning said layer of conductive material forming a

i

gate straddling across said two sidewall surfaces and said top

surface of the fin; and

forming a source and a drain region in said semi-

conducting layer.
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sem conductor structure according to claim56, further conprising the step
of form ng said depression in said top surface of the substrate by
undercutting at the base of the fin. 63. The' nethod for fabricating a.

mul ti pl e-gate sem conductor structure according to claim62, further
conprising the step of form ng said depression by undercutting using an
etch process. 64. The nethod for fabricating a nultiple-gate sem conductor
structure according to claim56, further conprising the step of formng
said gate dielectric layer in a material conprising silicon oxide. 36 65.
The nethod for fabricating a nultiple-gate sem conductor structure

according to cIaing;@, fqﬁ&pe%ﬁggggrifépg fgggad%%gggofafo&&iégbig?dj %ate
. e

dielectric layer inh a material ~"conprising silicon oxynitride. &

et hod fOsref,rri%hhsééé>9%&u@eh&gpé@a&%i%gffé%spggweqr skEHeRuLg aceording to

T
claimb56, further conprising the step rmng said gate die ectri e | ayer

iangB Qi IR nePesiBl tEYi B ARLET kakaSelhet edndiamder gyoupi gonsigtidg af
a .

comprisging silicon.

58. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, furthexr comprising
the step of forming said semi-conducting layer in a material

compriging silicon and germanium.

59. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising
the step of forming said layer of dielectric material in a material

comprising silicon oxide.
60. The method for fabricating a  multiple-gate

semiconductor structure according to claim 56, wherein said fin

forming step further comprises a fin surface smoothing step.
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Hf ON, 'Al1203 , HfO2 and ZrD2 . 67. The nethod for fabricating a

mul tiple-gate sem conductor structure according to claim66, wherein said
high permttivity material has a relative permttivity of at least S. k
68. The nethod for fabricating a nmultiple-gate sem conductor structure
according to claim56, further conprising the step of formng said gate
dielectric layer to a thickness between ~ A and 100A. 37 69.. The net hod
for fabricating a nmultiple-gate, sem conductor structure according to
claim56, further conprising the step of formng a different thickness of
the gate dielectric |ayer on the sidewall surfaces and on the top surface
of the fin. '70. The nethod for fabricating a nultiple-gate seniconductor
structure accordinglto clehem SEthburt her cHapricitngg t ke shidpipwie-dz1dm ng
said gate dielectric layer to a smaller thickness on the top surface of
the fin coampacedutoot hetygattoud elcsordingl bgerlammt fe. svieweid saikd dties of

the fin. 71. The nethod for fabricating a nultiple-gate
surface smoothing step further comprises sub-steps all sacrificial

oxidation and high temperature annealing in a hydrogen ambient.

62, The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising
the step of forming said depression in said top surface of the

B

subétrate by undercutting at the base of the fin.

63. ~ The' method for fabricating a. multiple-gate
semiconductor structure according to claim 62, further comprising
the step of forming said depression by undercutting using an etch

process.

L]

64. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising -
the step of forming said gate dielectric laver in a material

compriging silicon oxide.
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sem conductor structure according to claim56, further conprising the step
of formng. the gate dielectric |layer on the top surface of the fin to a

t hi ckness of |ess than 20A. 72. The method for fabricating a nultiple-gate
"sem conductor structure according to claim56, further conprising the step
of formng said gate in a material conprising poly- crystalline silicon 38
73. The nethod for fabricating a multiple-gate sem conductor structure
according to claim56, further conprising the step of formng said gate in
a material conprising polysilicon germanium 74. The nethod for
fabricating a nmultiple-gate sem conductor structure according to claim 56,
further conprising the step of formng said source and drain region in a
lightly doped 065extengticonmeehbdn. £ah5. fRteigathod for PabFirkRigffea

mul t-i pl e-gate sem conductor structure according to claimb56, further

conpr i séeny.condeckteptofuctore mrardiagetooftlaie dtdudtriRe et @R EIS16I¥ t op of

sai d source and drain regions, . , . .
the step of forming said gate dielectric layer in a material

comprising silicon oxynitride.

66 . The method for fabricating a muitiple—gate
sémiconductof structure according to claim 56, further coﬁprising
the step of forming séid gate dielectric layer in a high
pérmittivity material selected from the group consisting of La,0,,

HfON, Al,0,, HfO, and Zr0,.

£7. ‘The method fér fabricating a mwmultiple-gate
semiconductor structure accofding to‘claim 66, wherein said high
-pefmittivity material has a relative permittivity of at least 5.1
68. The method for fabricating a wultiple-gate
semicdhductor structure according to claim 56, further gomprising
the step of forming said gate dielectric layer to a thickness

between 3A and 100A.
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76. The method for fabricating a nultiple-gate semconductor structure
according to claim75, further conprising the step of formng said |ayer
of conductive material in a material selected fromthe group consisting of
metal, netallic silicide and netallic nitride. 39

69. The method for fabricating a multiple-gate
semitonductor structure accoxding to claim 56, further comprising
the step of forming a different thickness of the gate dielectric

layer .on the sidewall surfaces and on. the top surface of the fin.

70. "The method for fabricating a multiple~géte
semiconductor structure according to claim 56,_further comprising
the step of,:forming s?id. gate dielectric layér to a smaller
thickness on the top saﬁrfa‘ce of the fin compared to the gate

dielectric layer on the sidewall surfaces of the fin.

71. The method for fabricating a wmultiple-gate
semiconductor structure according to claim 56, further comprising
the step of forming the gate dielectric layer on theltop surface of

“

the fin to a thickness of less than 20A.

v

72. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising

the step of forming said gate in a material comprising poly-

crystalline silicon.
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73. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising
the step of forming said gate in a material comprising polysilicon

germanium.

74 . The method for fabricating a multiple-gate
semiconducter structure according to claim 56, further comprising
. the step of forming saidisource and drain region in a lightly doped

or extension region.

75. The method for fabricating a multiple-gate
semiconductor structure according to claim 56, further comprising
the step of forming a layer of a conductive material on top of said

source and drain regions.

76. . The method for fabricating a multiple-gate
semiconductor structure according to claim 75, further comprising
the step. of forming said layer of conductive marerial in a material
selected from the group consisting of metal, metaliic silicide and

metallic nitride.
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