67,200-996 2002-0895 1 STRAI NED- CHANNEL MULTI PLE- GATE TRANSI STOR Fi el d of
the I nvention The present invention generally relates to a nultiple- gate
transi stor and nethod for fabricating and nore particularly, 5 relates to a
strai ned- chaemedoosabd i pl e-gate transi stor tand nmethod for fabrication.
Background oR0¢h&@8Phventi on Size reduction of the netal -oxi de-sen conduct or
field- effect transistor (MOSFET) has enabled the continued inprovenent in

10 speed perfornmance, depgi{yep. t it function of integrated
circuits over the past %eM/Jﬁghges. %§b¥ﬂ§E5a'émﬁgnﬁ%ﬁﬁsﬁﬁmoﬁhe convent i onal
bul k MOSFET i s reduced, the interaction of the source and drain with the

channel is increased resulting in gained influence on the channel
potential. Consequently, a transtisharo#Scw trthvansfiyyt gate length suffers
fromproblens related to the inability of the gate to substantially
control the on/off st&hespudsenthénvhaniel geRbearnenaiaued es 4 adueegdigate
control associated wth transistors having short channel |engths are known
as short 67,§fﬁﬁsﬁﬁ§nslstor and method for fabricating and more particularly,

5 relates to a strained-channel multiple-gate transistor and method

for fabrication.

Background of the Invention
Size reduction of the metal-oxide-semiconductor field-
etfect transistor (MOSFET) has enabled the continued improvement in
10 speed performance, density, and cost per unit function of
integrated circuits over the past few decades. As the gate length
. of the conventional bulk MOSFET is reduced, the interaction of the
source and drain with the channel is increased resulting in gained
influence on the channel potential. Consequently, a transistor
15 with a short gate length suffers from problems related to the
inability of the gate to substantially contxol the on/off states of
the channel. Phenomena such as reduced gate control associated

with transistors having short channel lengths ére known as short-




2002- 0895 2 channel effects. Increased body doping concentration, reduced
gate oxide thickness, and ultra-shall ow source/drain junctions are ways

to suppress short-channel effects. Wen the gate length is scaled down into
.the sub-50 5B nanopeier (nnm) regine, the Requirenents for body-doping
concentrati onpoyya@ses oxi de thi ckness, and source/drain (S/ D) doping

profiles to control short-channel effects becone increasingly difficult to

meet when cogyenldonat.deyl ca,Stuck ey based o0 bulke. sidicon L3 ),

substrates are enpl oye or device scale we I nt‘o e sub- nm

regine, a promis n%idRRESACANAON GANLHY I dNdous B draGhaN ) 185 S 8GkSwiys t O
use an alternative device structure and the surround-gate or w ap-around

gat e structute. sipreresul sh¢ptte-@pahrel tdfaRsESt Or Structure is expected to
extend the scalability of CMOS technol ogy beyond the limtations of the
conventional bul k MOSFET. 15 The introduction of additional gates inproves
the capacitance coupling between the gates and the channel, increases the
control of the chann&PepofBnt Pare bieadHd gt escHeEdpsovhe i8GppIbS sEoh- OF

short channel effects, an prolqn%s the scalability of the MOS transistor.
67, 200- 996 3nanometer nm regim 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 (8i) substrates are employed. For device scaled down well
10 inco the sub-50 nm regime, a promising approach for controlling
short-channel effects is to use an alternative device structure and
the surround-gate or wrap-around gate structure. The multiple-gate
transistor structure is expected to extend the scalability of CMOS
technology beyond the limitations of the conventional bulk MOSFET;
15 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 the suppression of
short channel effects, and prolongs the scalability of the MOS

transistor.




2002- 0895 Strain-induced nobility enhancenent is another approach to

i nprove transistor performance in addition to device scaling. Significant
nobility enhancenent has been reported for both electrons and holes in
conventi onal shubdo-beansi stors using silic@ 5 channel under biaxial tensile
strain. It w3@be-dsesdesirable to exploit the effects of strain-induced
band structure nodification to enhance carrier nobilities in multiple-gate

transistors. However . there, e a.research pubpljcatiopns on the use
of strained channel for enh%%%rergnﬁ%lf oer Bl?arrrécﬁg‘gnfnwmﬂ“t"it PR-FEFE2TH

transistors. cBhifiphsvdasaussstaciu:auena e dd Qahdlse dhachiaxialshgnsi'e

strain for enhancenment of carrier nobilities 1n conventiona

transistors aignnpicappl ieisilieyt Oerftrcepbt JHa@ BdANSESFH el M HGE URESy A
conventional technique used to induce a biaxial tensile 15 strain in the

channel regi GAeotrenonddmliesnan doulvienMOSRET bbk esranses0drauseh@xadisbhi con

ger mani ug] (Si Ge%; buffer layer, as shown in device 10 of Figure 1A. The

rel axed 5i Ge CPajeel 19ndRR bhaxsa) gravedleoAtTain of ktheogidded &iGeabléf e

| ayer 14 on top,of Si substrate 16 has a |arger lattice constant conpared
8%"%%?&‘% s?i

to rel axed SI* FCUD O30 bF2 EpitnaRred Bandgrbuirtower epdbddgatior 12
‘é"i lelct Pgnunde'&obi %{a"ﬂce tgglzsi-j!e% S;[rxc';gai.lni’tiaess Sal:lz(i)mmtlilleigig—ugra elBtra%%tirsltggé.e and
However, there has been no research publications on the use of
strained channel for enhancement of performance in multiple-gate
10 transistors. This is because techniques used to induce the biaxial
tensile strain for enhancement of carrier mobilities in

conventional bulk transistors are not applicable to multiple-gate

transistor structures.

A conventional technique used to induce a biaxial tensile

15 strain in the channel region of a conventional bulk MOSFET makes
use of a relaxed silicon germanium (SiGe) buffer layer., as shown in
device 10 of Figure 1A. The relaxed SiGe layexr 12 which is formed

on top of the graded 5iGe buffer layer 14 on top of Si substrate 16

has a larger lattice constant compared to relaxed Si. A thin layer

20 20 of epitaxial Si grown on relaxed SiGe 12 will be under biaxial

tensile strain, as shown in Figure 1B. Both hole and electron




67,200-996 2002-0895 4 nobilities are enhanced in the strained Si |ayer
20. Since a nultiple gate device such as the double-gate fin FET structure
resides on a silicon-on-insulator substrate and enploys a fin-Ilike

channel , the gpnvenddsonal approach that employs a relaxed SiGe 5 buffer is
not appl i cabl 2002-pe%eddi ti on, the device structure and channel orientation
of a nultiple-gate transistor may be significantly different than that of

t he conventi on ilq%lilésl\/[);eFElhhaJchids means that the nature of strain
required for enhancenent  of ““EATTI%er hobld iT837 ¢ & mA¥X$plP-gatErFeviece

may be signify I di n h that us for t conventi onal bul k
I\/DéFET. Tg ovﬂgflgd(}trﬁr)é%t ﬁégghgtf’{’g‘%eﬁﬂi s?1“g°tsh (a)af% ttﬁlé% p‘?lréf‘g?ea‘ﬁt,e infmi %%Tt REFRTOTE an

obj ect of therégnaent b0 601 PEQVIHE 1AsMU I PLEs AR e LIANGLILN! SEIYCE YL
with a strained channel. It is another object of the invention to

illustrate thehanb&lpnatbee candextiiceali apppbach useftulenpllbas Nar eguixed §i@k a
non- conventional nultiple-gate device structure. It is a further object of
the inventi orPYdesr §i Het APMEEABle of Iramdiatian.e ther dehirestataivedse kadnel

mul ti pl e-gate tragsistor. _
channe orientation of a multiple-gate transistor may be
significantly different than that of the conventional bulk MOSFET.
This means that the nature of strain required for enhancement of

carrier mobilities in a multiple-gate device may be significantly

10 different than that used for the conventional bulk MOSFET.

To overcome the shortcomings of the prior art, it is
therefore an object of the invention to provide a multiple-gate

transistor structure with a strained channel.

It is another object of the invention to illustrate the

15 nature and direction of a useful strain required for a non-

conventional multiple-gate device structure.

It is a further object of the invention to provide a
method of manufacture for the strained-channel multiple-gate

transistor.




67,200-996 2002-0895 5 Summary of the Invention In accordance with the
present invention, a multiple-gate sem conductor structure and a nethod

- for fabricating the nmultiple- gate sem conductor structure are provided. In
a preferred enboch-oenit, a nultiple-gate sem conductor structure is

provi ded whi @¢ao0z+96Pbides a substrate; a fin forned of a sem -conducting
material that has a top surface and two sidewall surfaces, the finis
subjected to a strain of at Ieaé&n0.01@§qgg i.S gositioned vertically on

the substrate; source and drain regions 10 Tormed iH the sem -conducting

material of the fin; anoM@radhed &GkhiGd aygger&vgx§¢éﬂtqant meﬂai&p&g\ggf?egate

el ectrode wapping around the fin on the top surface and the si
surfaces of tsksicénductversyrguirbeaghbendieebs ifarka¥8find Bhthiltiple-

mul tipl e-gate sem conductor structure, the fin 15 naybe under tensile
strain in th&agpurdacopddedm s¢rnettromreopromyded.under conpressive strain
in the-source-to-drain direction. A magnitude of the strain is between
0.01% and 2t. The sem - conducting material may be silicon, or a material
including silicon and gernmanium The fin may be rounded at the top
corners.> The In"a preferred embodiment,” a multiple-gate semiconductor
structure is provided which includes a substrate; a fin formed of
a semi-conducting material that has a top surface and twa sidewall
surfaces, the fin is subjected to a strain of at least 0.01% and is
positioned vertically on the substrate; source and drain r&gions
10 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 top surface and the sidewall surfaces of the

fin overlying the gate dielectric layer.

In the multiple-gate semiconductor structure, the fin

15 maybe under tensile strain in the source-to-drain direction, or
maybe under compressive strain in the source-to-drain direction.

A magnitude of the strain is between 0.01% and 2%. The semi-
conducting material may be silicon, or a mgterial including silicon

and germanium. The fin may be rounded at the top corners. The

20 gate dielectric layer may include silicon oxide or silicon




20 gate dielectric layer may include silicon oxide or silicon 67,200-996
2002-0895 6 oxynitride. The gate dielectric |layer may include a high
permttivity material such as, but not limted to, La203, A1203, H 021
Hf ON and Zr 02¢, Hhe-s&£l ative permittivity & the gate dielectric layer is
at least 5, whedeossd hickness of the gate 5 dielectric |ayer may be
featuring 3A and 100A. The gate dielectric layer may have a different

t hi ckness on the twa ,sidewall surfaces _and the_top surface of the fin. The
Sé‘t‘

gate diel ect rieTayercmy Have 93% i PEELTHIT NS Tn Poe tlﬁﬁl‘é‘%ﬁ‘f&cehﬂfﬁh t he

fi d : i h | f f the fin e n
the first iSC?ﬁﬂ“tt‘tBé’gE?Eﬁ%% ar Sfh %tﬁekgéﬂéﬁﬁc iZEACES: i gid:
dielectric | ayEes, ,MBEdRave, R Ehd ckne§ﬁe '1‘2§§ @Qﬁ Q,n t he t% surfeace

of the fin. The gate el ectrode maylncluepo S|I|con e

gate el ectrodéiemmeti-tiet heyed ncs uge p@ié’r.CFS’St@llllen% t%'llckﬁé’é‘s 08F Mand teor
metal .- The source and drain regions each may 15 have a lightly dope

ext ensi o r egliglecTiéc sayerenan thedf sdturinggionadnolhe mte gded @deh}&c@rlc
conductive material such as nmetal or silicide. Contacts between the gate
el ectrode and*3¥f&F §8ureaVearnd different s§icrresmpnbehortwoheidéwiddakhrsandsaces

or on the top_,s
Py djt é top surface of the fin. The gate dielectric layer may have

a first thickness on the top surface of the fin and a second
thickness on the sidewall surfaces of the fin, wherein the first
10 thickness is smaller than the second ' thickness. The gate
dielectric layer may have a thickness of less than 20A on the top
surface of the fin. The gate electrode may include polycrystalline
silicon. The gate electrode may further include polycrystalline
silicon germanium, or metal. The source and drain regions each may
15 have a lightly doped or extension region. The sgource and drain
‘regions may be straddled by a conductive material such as metal or
silicide. Contacts between the gate electrode and the source and

drain regions may be on the sidewall asurfaces or on the top surface

of the fin.




of the fin. 67,200-996 2002-0895 7 The present invention is further
directed to a nultiple gate sem conductor structure which includes a
substrate that has a depression in a top surface, the depression may be an
undercut or @ nEbcdts a fin formed of a sem -conducting material that has a
top 5 surfacezx@zdotsm sidewal |l surfaces, the fin is subjected to a strain
of at least 0.01% and is positioned vertically juxtaposed to the

depression in the top ,§urface of the substrate; a gate dielectric_ |ayer

overlying the fin; and 4 FAFECRE ST FBHE W Ep PR T BURRF et 14 AUoHRIfE two
si deval | sur fg?‘&‘ieeg ’s.eﬂlk)gorgcm%t%}xl;’ ;I?Ia_\%tﬂgg %xit%:%t Etggl\?d;esa%‘ Osr%te SE%%Q? ghatthgasf Ian'

The present invention Is sti rther lrecte

fabricating addpidsispbf- gate t3gNEEANAUCT Ohe Akl Sn tRAFt be CAD QLAY i
out by the operating steps of providing a substrate that is formed of an

i nsul ati ng ned ewitgh; tdatinhdsreed elfi a conduebhdgetlingl ayesrian o4 hpatd efdpi ng
and form ng a fin in the sem -conducting layer, the fin has two sidewall
space suPfacedidiRgeaardwsuzidavell snfesesi mpeafimyer sdfi extdieieet stmin
material overlying the fin; depositing a |ayer of a conducting materi al
over |l yi ng théogéyéeeaﬁt 0.01% and is positioned vertically juxtaposed to the
depression in the top surface of the substrate; a gate dielectric
layer overlying the fin; and a gate electrode wrapping arocund the
fin on the two sidewall surfaces, the top surface and a bottom of

10 a base of the fin.

The present invention is still further directed to a
method for fabricating a multiple-gate semiconductor structure that
can be carried out by the operating steps of providing a substrate
that is formed of an insulating material that has a semi-conducting

15 layer on top; patterning and forming a fin in the semi-conducting
layer, the fin has two sidewall space surfaces and a top surface:
depositing a layer of a dielectric material overlying the f£in;

. depositing a layer of a conducting material overlying the layer of
~ dielectric material; patterning the layer of conductive material
20 . forming a gate straddling across the two sidewall surfaces and the

top surface of the fin; forming a source and a drain region in the




dielectric material; patterning the |ayer of conductive material 20 form ng
a gate straddling across the two sidewall surfaces and the top surface of
the fin; formng a source and a drain region in the 67,200-996 2002-0895 8
sem -conduct idyg.b@yek; and depositing a | &er of a thin film overlying at

| east partialdogatdmssource and drain regions. The nethod for fabricating a
mul tiple-gate sem conductor structure may further include the step of

form ng the s%ﬁh_gogQPchtiqg | ayer in a material ipcluding silicon, or
including siliconand germantiim TRE MEPRBUCTEY T urther PhcPud@ifhéistep
of formng t [ i Y, I; er i ncluding silicon oxide.

The fin fornfﬁ%rg?gg%2%§agﬁ%?ﬁ§&tﬁ%%?ﬂgg&5SF?%C%J¥¥%gEa§%6%¥%Pﬂ%' st ep,
while the fin surface snoothing step nmay further include sub 10 steps of
sacrificial oxidation in high tenperature annealing in a hydrogen anbient.
The method may furtherThengétitel Ebe mirepcatind armingphleggat gefli &hRRIELE

layer in a material including silicon oxide, or in a material including
si l'i con oxynistridburefhwayretthothemmaynélrddethd netesle of heEcshepg ofthé ors@inpg t he
gate dielectric layer 15 using a high permttivity material such as La203,
A120" Hf 02, HP@QHC%H&B ZAIerTHS M gtserad t theludingatsediabn mayr hrwduding
relative gilicon and germanium. The method may further include the step of
forming the insulating layer in a material including silicon oxide.
The fin forming step may further include a fin surface smoothing
step, while the fin surface smoothing step may further include sub-

10 steps of sacrificial oxidation in high temperature annealing in a
hydrogen ambient. The method may further include the step of
forming the gate dielectric layer in a material including silicon
oxide, or in a material including silicon oxynitride. The method
may further include the step of forming the gate dielectric layer

15 using a high permittivity material such as La,0,, Al,0,, Hfoz[ HEON
and 2ro0,. The high permittivity material may have a relative
permittivity of at least 5. The method may further include the
step forming the gate dielectric layer to a thickness between 3A
and 100A. The method may further include the step of forming a

20 different thickness of the gate dielectric layer on the sidewall

surfaces and on the top surface of the fin.



permttivity of at least S. The nethod may further include the step
formng the gate dielectric layer to a thickness between 3A and 100A. The
met hod may further include the step of formng a 20 different thickness of
the gate diel ectzbbcodsayer on the sidewall 9 surfaces and on the top surface
of the fin. 67902008996 2002-0895 9 The method may further include the step
of formng the gate dielectric layer to a smaller thickness on the top

surface of the fin coppared tg t he Ig‘g::t%di electric layer on the sidewall
surfaces of the fin, of 1 HEEPEP DY Fhg  BhedgatBe df et &fr £erBinayede on

the top surf : 1 ickness of |less than 20A. The net hod _may
further incl %eﬁfﬁéggfg%{)ﬁ%f Eg%%mk%ggt Tr(1:-asiéae e P THTE SRR ARSI t?%@lugg?%eg of
pol ycrystal | i g stid c@dhpalbdl Boa cHBt ghLa diéf@éé&_q'cng.aEQLYEhl LREON Q8L BRI um
The nethod may further include the Step of formng the source and drain
regi ons with sudfiaght!| yf 16hadoped ofr eXéefsSdOrofl E@raing Ofhd heitst @peDécthakni ng
a layer of a _conductive material overlying the source and drain regions.
The ~met Rod ne¥SFucPhéhei tep wefere of ephoffifotei rgthhekrempentoless than

conducti ve tO?ri al_in a ng;eri al selected fromthe group consisting of
metal , netal 1% si FP&i BREPOEhBYetUHteE #Pelidgethartep of forming the gate

in a material including polycrystalline silicon, or in a material
including polysilicon germanium. The method may further include
the step of forming the source and drain regions with a lightly
10 doped or extension region, or the step of forming a layer of a
conductive material overlying the source and drain regions. The
method may further include the step of forming the layer of
conductive material in a material selected from the group
consisting of metal, metallic silicide, and metallic nitride. The
15 method may further include the step of forming the layer of a thin
film in a high-stress material, or forming the layer of thin film
in silicon nitride. The method may further ineclude the step of
forming the layer of thin film to include a tensile strain
component in a channel region that is in the source-to-drain
20 direction. The method may further include the step of forming the
layer of thin film to induce a compressive strain component in a

channel region that is in the source-to-drain direction.




15 met hod may further include the step of formng the layer of a thin film
in a high-stress material, or formng the layer of thin film in silicon
nitride. The nethod may further include the step of formng the |ayer of
thin filmto §nghydgea tensile strain component in a channel region that

is in the sowmwe-¢@sdrain 20 direction. The method may further include the
step of formng the layer of thin filmto induce a conpressive strain
conponent in a channel region that is in the source-to-drain direction.

67, 200- 996 2002-0895 5 10 BFief US8SEiPHtIbrioFhe MF2Pias® ngs These and

ot her objects, featur d vant ages.of th resent _inyention w|l
becone apparent from't g%goﬁﬁ%vﬁatr?gerggﬁéﬁtegd %aég‘é?elsptaf‘gna FBceaes fipéhted
drawi ngs in WieGBnt H fidnes o4 A and id | e veptj-onal bul k MOSFET
that utili ze\gya rgl axed nsi i)i col%rigg%?r%ﬁ G %%%ter&?'g?fglre tg%ilpoﬁ"&ﬁgeél%ta Faxi al
tensile straidesicwiptiorchadnehe rQPedhed FHNi8g2 1S whiBRL Spective view of a

present invention nultiple-gate transistor. 10 Figures 3A and 3B
illustrate the six-fold degenerate
5 Figures 1A and 1B illustrate a conventional bulk MOSFET

that utilizes a relaxed silicon germanium buffer layer to induce a

biaxial tensile strain in the channel region.

Figure 2 is a perspective view of a present invention

multiple-gate transistor.

10 Figures 3A and 3B illustrate the six-fold degenerate

conduction band vaileys of relaxed silicon.

Figures 4A and 4B are plane view and perspective view of

the present invention multiple-gate transistor under a tensile

gstrain.

15 Figures SA and 5B are plane view and perspective view of

the present invention multiple-gate transistor under a compressive

strain.




conducti on band valleys of relaxed silicon. Figures 4A and 4B are pl ane

vi ew and perspective view of° the present invention nmultiple-gate
transistor under a tensile strain. 15 Figures 5A and 5B are pl ane vi ew and
perspective wewd@foogt he present inventiohlinmultiple-gate transistor under a
conpressive 29bpaiens 67, 200-996 2002-0895 11 Figures 6 is a plane view of
the present invention rrultiple gate transistor with a gate electrode and a
thin film formed on togI gure 7 is a plane view of another enbodi nent of
the 5 present inventi dt Hﬁf?l Bl &gt ep%?%?le%T"bro’é\n the apgarentel Etansden and

athinfilm er, don op. Fi s 8A-8E are enl arged
cross-secti 0?1{&] %QPW?%%%I It‘%g 8{ iy “Wrdad ﬁ’%ge§ SR 1Y PhehpPeddhp
invention trapremkstey ttz,?ken aI ong lines A-A of Figure 7. 10 Figures 9A-9E
are enl arged, cross-sectional views of the various process steps for the
present invention transistor taken along Iines B-B of Figure 7.

Figure 7 is a plane view of another embodiment of the
5 present invention multiple-gate transistor with a gate electrode

and a thin film and two spacers formed on top.

Figures B8A-8E are enlarged cross-sectional views
illustrating areas process steps for the present invention

transistor taken along lines A-A of Figure 7.

10 Figures 9A-9E are enlarged, cross-sectional views of the

various process gteps for the present invention transistor taken

along lines B-B of Figure 7.

Figures 10A-10E are enlarged, cross-sectional views of
the various process steps for the present invention transistor

15 taken along lines C-C of Figure 7.




Figures 10A-10E are enl arged, cross-sectional views of the various process
steps for the present invention transistor 15 taken along lines C C of
Figure ?. 67,200-996 2002-0895 12 Figure 11 is a perspective view of still
anot her enbogh BBRLss@f the present inventiian having an undercut or a notch
in the substradee-o8etail ed Description of the Preferred Enbodi nent 5 The
present invention discloses a nethod of manufacturing for strained channel
field effect transistors with nmultiple-gates capable of scaling down the
conpl ement ary net al - ox] ¥ Sent tort@uct oPS=FERMEG)Ve etkrivl ofy wWelll | sradheke

sub- SO nanone : regine. Figure 1A illustrates a technique to induce
strain in theér%fg(lg%&%h%&gfg Blfﬂesgencgoﬁ{%ﬁ?ﬁ’@ﬁlaﬁ’aﬁﬁ%aﬁ[ﬁ GP% BY yrAkicRg an
epi taxi al silicame( Sipst@yar 22 on a rel axed silicon-germanium (Si Ge)
| arger overlying a silicon substrate 16. Rel axed Si Ge | ayer 12 has a
| arger lattice constant conpared to relaxed Si, and the thin |layer 22 of
epitaxial Si grown on the relaxed Si Ge |ayer 12 wll be under 15 bi axi al
tensile strain, as shewailed Peguréptlin bf the etk MBRERHodifntbot h hol e
and el ectron nobilities are enhanced in the Si |ayer
S The present invention discloses a method of manufacturing
for strained channel field effect transistors with multiple-gates
capable of scaling down the complementary metal -oxide-semiconductor

(CMOS) technology well into the sub-50 nanometer (NM) regime.

Figure 1A 1llustrates a technique to induce strain in the

10 Si channel of a conventional bulk MOéFET 10 by growing an epitaxial
gilicon (Si) layer 22 on a relaxed gsilicon-germanium (SiGe) larger
overlying a silicon substrate 16. Relaxed SiGe layer 12 has a
larger lattice constant compared to relaxed Si, and the thin layer

22 of epitaxial Si grown on the relaxed SiGe layer 12 will be under

15 biaxial tensile strain, as shown in Figure 1B. In the bulk MOSFET
10, both hele and electron mobilities are enhanced in the 8i layer

under biaxial tensile strain.

Figure 2 illustrates a perspective view of a present

invention multiple-gate transistor 30 formed with a fin-like




under biaxial tensile strain. Figure 2 illustrates a perspective view of a
present invention nultiple-gate transistor 30 formed with a fin-1like

67, 200-996 2002-0895 13 channel 32. The fin-like channel 32 extend
vertically from,gp odensul ating substrate 38 with a height th and a width
t.. An overlyicagoggate 36 waps around the gate dielectric |layer 38 on the
fin 32. The carriers in the channel flowin the source-to-drain 5
direction, i.e., the_ y direction fromsource 40 to drain 42. It is

advant ageous ?Q?Wﬂ??l?%e FPealftrandchafPoweli B3 2 tendayent ealillve form skhat e

current whil e i Lnin od control of the short-channel _effects. The
hei ght h, of %r%lg%gn%zsﬁgﬁi Coall Y5 gor "eET  200R19A & HYidtReds - ofNt he

fi idth twd - 0 0 i t hi f thick f
(0hoth o dchpnen S04 1 008,40 a0 s ans o, HLghoess, o
conpri sing offimulabi.pl ehe | Apens r6f i SEHHLAAHEL OIS W th gid fs%r&ggg_é@_t uégﬁ

constants. Therefore, it is obvious that the technique used to In

strain Fn thedegkkosi ichannele gatmhaicthenensid Yo kedd arbhe s2aseof st he

is multiple-gate transistor structure 10. In addition, the device structure

and ori ent at iafYapEagemus to utilize a tall and narrow fin 32 to maximize the on
state current while maintaining a good control of the short-channel
effects. The height h. of the fin 32 is typically larger than
200A. a thickness of the fin width t, is between 50A and 500A.

10 Given this range of thickness for t,, it is difficult and
impractical to fabricate a strained fin comprising of multiple-
layers of semiconductors with different lattice constants.
Therefore, it is obvious that the technique used to induce strain

in the bulk Si channel cannot be easily applied in the case of the

15 multiple-gate transistor structure 10.

In addition, the device structure and orientation of the
plane of the inversion sheet charge in a multiple-gate transistor
is significantly different from that of the conventional bulk
MOSFET. The conventional transistor has a channel inversion sheet

20 charged oriented in the x-y plane, while the inversion sheet

charged induced by the gates on the gsidewalls of the multiple-gate



pl ane of the inversion sheet charge in a nmultiple-gate transistor is
significantly different fromchat of the conventional bulk MOSFET. The
conventional transistor has a channel inversion sheet 20 charged oriented
in the x-y plapg,, Wyl e the inversion shead charged induced by the gates
on the sidewa}ls-0fss he multiple-gate 67,200-996 2002-0895 14 transistor
30 of Figure 2 is oriented in the y-z plane. This nmeans that the nature of
strain required for enhancenent of carrier nobilities in a nmultiple-gate
devi ce may be"SHHHISEPEAi Pf WIFEr émt® OFFBmiThar theed Flarke é"é‘ﬁ?é?ﬂﬁ“@nal

bul k MOSFET. %The usefuC str n required for LrIEbl lity enhance in a
nul tipl e-gate RIERE aI iff@ DnEREUIEE Y %‘H‘Gﬁge‘?%e s??rrfl(?lrd
degenerate copdugt;i d il | con.

popul ation distri ﬁtqggb%g%a ‘g tt%%ﬁ(xe g (?ucﬁmlfl tgil(/all PerentThe

net el ectronss e |t®18t|@séd"afoci‘he-ﬂé‘eéorxjd@nt§oﬂa{1 tbh@kYMGgFrEﬁCt' on. Ther ef ore, as
far as carrier transport is concerned, it would be beneficial to lift the

energy of conduction valleys with hi gher effective mass in the y
direction. By reducing the population of electrons in the valleys with
hi gher effective massTha uskéuy-stiveéstreamirad Showabihithi guhan@Bentaint iaer

transport . . .
multiple-gate transistor is analyzed next. Figure 3A shows the

six-fold degenerate conduction band valleys of relaxed silicon.
The electron population distributes equally among the six
conduction band valleys. The net electrons motion in the channel
10 is in the y direction. Therefore, as far as carrier transport is
concerned, it would be beneficial to lift the enexrgy of conduction
valleys with higher effective mass in the y direction. By reducing
the population of electrons in the valleys with higher effective
mass in the y-direction, as shown in Figure 3B, carrier transport
15 may be improved. This can be done by the introduction of tensile
straiﬁ in the y direction of fin 850, as diagrammatically
illustrated in Figures 4A and 4B. The magnitude of tensile strain
may range from 0.01% to 2%. In the preferred embodiment, the
tensile strain magnitude is about 1% to 2%. Tensile strain in the
20 y-direction is beneficial for both electron and hole transport in

the y-direction. In addition, compressive strain in the y-




15 may be inproved. This can be done by the introduction of tensile strain
inthey direction of fin 50, as diagrammatically illustrated in Figures
4A and 4B. The magnitude of tensile strain may range fromO0.01%to 2% in
the preferred.eghpdigent, the tensile sti1&in magnitude is about 1%to 2%
Tensil e straizr@,{)hrbatgge 20 y-direction is beneficial for both electron and
hole transport in the y-direction. In addition, conpressive strain in the
y 6-7,200-996  2002-0895 15 direction is also beneficial for _hole
transport, afttERFECRAR aF 8D Bsdehietry SPrt el PLERAPRRAC Nt iHiE- ¢t 8190

transistors. ,The ¢ ressiv trained channel fin 60 is illustrated in

Fi gure 5A ancf’eSg.seggornzgﬁi U%bawecﬂ%ﬁ"@g&"?%t%Rﬁ'réiinﬁl%cifsr‘ange 5 from
0.01%to 2% In the preferred enbodi nent, the conpressive strain magnitude
is about 1%to 2% A plane view of the present invention preferred

enbodi ment device 30 (19RO¥GIndreskl g&ll® rdink® chShAMN fiiA 40 9yria 18st viddein
illustrating the thin filmlayer 48. A plane view of a present invention

al ternate entfidumensA ded 8. 70Thd Gragniichdé us hemmprageiporsatesn andyairangé
sidewal | spacers 72, 74, is shown in Figure 7. The lightly-doped drain
(LDD) or3sourfeemdPabhs extdnsi dim rtbégi prsfemaal [embod hreergpatbescidpredsive

strain magnitude is about 1% to 2%. A plane view of the present
invention preferred embodiment device 30 (shown in Figure 2) is
shown in Figure 6 further illustrating the thin film layer 48. A
plane view of a present invention alternate embodiment device 70,
10 which further incorporates a pair of sidewall spacers 72, 74, is
shown in Figure 7. The lightly-doped drain (LDD) or source/drain

extension regions underlie the spacers 72, 74.

A method for the manufacture of the present invention

multiple-gate transistors with tensile or compressive strain in the

15 channel region is now described. The strain may have a component
in the source to drain dipection. An effective way to induce
strain in the Iin-like structure is to encapsulate the fin with a

high stress thin film material after gate electrode formation. The

fin surface in contact with a high-stressthin film material will

20 be under stress as well. Due to the large difference in thermal




A net hod for- the manufacture of the present invention nultiple-gate
transistors with tensile or conpressive strain in the 15 channel region is
now descri bed. The strain nmay have a conponent in the source to drain
direction. Angehbecddsve way to induce strd@in in the fin-like structure is
to encapsul atmohesdsin with a high stress thin filmmterial after gate
el ectrode formation. The fin surface in contact wwth a high-stress--this

fib-nmaterial will .20 be under st I to the | di f
n thormal 07388 T3 0RBE T SSRURLT GR-EOM (TEERT HAU VBUN Sr
dul us bet wegyy i e thin fi g0 T |
undr 6 NP o Rbre Fhan oL PR B bt Dsesa T RECP K FRe PSR m

material may bes@ dbglwCtddeustENi@snedsshl i con nitride or silicon
oxynitride deposited by various nethods including chem cal vapor

deposition. In the thin filmmterial that has a | ower thermal expansion
coefficient conpared with the fin material, the part of the fin
experiences conpressi VEsst teis. fild nheewlailn oyl nearad edial edtas ca shichhers

t hermal expansjon 10 coefficient conpared with the fin material, the part
of the fiPn e&ﬁ*%qo§n%kquq§ngp|%ngppésgﬁynitride deposited by various methods

including chemical vapor deposition. In the thin film material
that has a lower thermal expansion coefficient compared with thé
fin material, the part of the fin experiences compressive stress.
IT the cthin film material has. a higher thermal expansion

10 coefficient compared with the fin material, the part of the fin

experiences tensile stress.

As an example, plasma-enhanced chemical vapor deposited
silicon nitride can be used to introduce tensile or compressive
stress in the channel region, The residual film stress impacts the

15 strain components in the channel. The residual film stress can be
tailored from a high state of tension, for stoichiometric silicon
nicride, to one of compression; for silicon-rich £ilwms. The

tensile or compressive nature of the strain in the channel region




As an exanpl e, plasma-enhanced chem cal vapor deposited silicon nitride
can be used to introduce tensile or conpressive stress in the channel
region, The residual filmstress inpacts the 15 strain conponents in the
channel . The g-eshslugl fil mstress can be 17ailored froma high state of
tension, for mbeledssonetric silicon nitride, to one of conpression, for
silicon-rich filnms. The tensile or conpressive nature of the strain in the
channel region 67, 200 996 20Q§ 089 7 can therefore be ad%usted by
varying proces® ¢GNarfrons’ %u% Ypte #ﬁ atutes ?ﬁ?ﬁﬁ?ﬁr@°”§‘ﬁ‘?ﬁeSF8?|8 of
the flow rat ec as, Ior e Jgas
etbﬁ(?r%n ?§ J tuhg aln% % he Cg:aq}. h‘?@ f%év? an%ﬁ §£

flow rate. expansi on coef f I'Ci en Young S

modul us E of ;Qctelaﬁﬁrséf” sf' le”b MBLBIhabSod MakheTBY o b&xeCIEQEEI‘ -gddN sagflitdi@n, the

t her mal expansi on coef i ci enf and Young's nodulus  of silicon di oxi de nay
be varied by the choice of the doping materials, such as gernmani um
nitrogen, or refractory netals, and also by the doping densities of these
materi als. 10Table | EabGPa) ahfks 1yhe thermal expansion coefficient o and

5 Young's modulus E of other thin film materials that may be chosen.
In addition, the thermal expansion coefficient and Young's modulus
of silicon dioxide may be varied by the choice of the doping
materials, such as germanium, nitrogen, or refractory metals, and

also by the doping densities of these materials.

10 Table I
a (K1) E (GPa)

Zirconium oxide 11.1E-6 200
Steatite (Mg0Si02) 8.0E-6 -
Aluminum oxide 7.7E-6 3390

15 Aluminum nitride 5.1E-6 380
Silicon carbide 4 .3E-6 400
Silicon nitride 2.8E-6 to 3.6E-6 306
Silicon 2.0E-6 156
Silicon dioxide 5.0E-7 -

20 The process for fabricating the present invention

multiple-gate transistor is shown in Figures BA~10E. Figures 8A~8E
are taken along line A-A, Figures S9A~9E are taken along line B-B,

while Figures 10A~10E are taken along line C-C in PFigure 7.




Zi rconi um oxi dell. 1E- 6200 Steatite (MOSI O2)8. OE-6- Al um num oxi de7. 7E- 6390
15Alum num nitride5. 1E-6380 Siliconcarbide4. 3E-6400 Siliconnitride2. 8E-6to
3. 6E-6306 Silicon2.0E-6156 Silicondi oxi de5. 0E-7- 20Thepr ocess

forfabricati thepeesent invention nulti pBe-gate transistor is shown in

Fi gures BA- 10 Figgdres 8A-8E are taken along line A-A Figures 9A-9E are
taken along line B-B, while Figures 10A--10E are taken along line CGCin
Figure 7. 67,200-996 2002-0895 18 Referring now to Figures BA, 9A and 10A
wherein a si IREGAFORT PR utatDTUEEBsEPat 88 FF ot @ UBEESED For A STIICOR i ns

32 on the buried oxide. The silicon fins 32 are patterned_using an etch
mask (not sﬁd\/ﬁ‘f)dl?‘tefﬁes‘&%ﬁaﬁﬁ§k3afm§/recdﬁﬁpi 58 B‘Pr‘g %féﬁé??af”bsbrﬁ%orﬂ’ﬂ/t Cused
O T 00 LS RUCIES PO ERL SRS R sgor,
The silicon fifptSBhbaee. MphdersAPRLYENRH, comprise of a matérial commonly
S uged for masking an etch process, such as photoresist, silicon
oxide, silicon nitride, etc. In the preferred embodiment, the etch
mask is silicon oxide. The silicon fin surface may be smoothened
to improve or reduce the surface roughness of the fin sidewalls 44,
46. This is performed by subjecting the fin to a sacrificial
10 oxidation and silicon sidewall ctreatment (e.g. high ctemperature
anneal at 1000°C in H, ambient). The surface smoothing of the fin
gidewalls 44, 46 contributes to the achievement of good carrier
mobilities and good gate oxide reliability. This is followed by
removal of the silicon oxide etch mask. The removal of the etch
15 mask on the silicon fin 32 allows the device to have a triple-gate
structure since the gate electrode 36 (shown in Figures 8D~8E) is
formed on sach of the two sidewalls 44, 46 as well as:the top
surface 58 of the fin. The buried oxide under the silicon fin 32
may be undercut or notched using an etch process. This is shown in
20 Figure 11, in an alternate embodimen;, wherein an undercut area 92

is shown. The etch process may be a plasma etch process or a wet

etch process using dilute hydrofluoric acid (HF). The undercutting



to inprove or reduce the surface roughness of the fin sidewalls 44, 46.
This is perforned by subjecting the fin to a sacrificial 10 oxidation and
silicon sidewall treatnment (e.g. high tenperature anneal at 1000C in H2
anbi ent) The gugfag snoot hi ng of the fin19sidewal | s 44, 46 contributes to
t he achi eveng @E good carrier nobilities and good gate oxide
reliability. 'S |s foll owed by renoval of the silicon oxide etch mask
The renoval of the etch 15 mask on the silicon fin 32 allows the device to
have a tripl @*gaPechisiy @ét bhe sirteatheligatietdhectawde 336 (shonying Fhgures
8D-8E) is forned on_each of the two sidewalls 44, 46 as well as the top
surface 58 ofifthE°}i AINTHE HMI¥E dhedef WMFEAORNOLsidT cORETA¥haped nEptee

undercut or ngtgehe deusifg gnaﬁg‘g,b_ P,E%?%Ezdee;rgéxf g Shgr"?\“ o Zc% El %li‘tfe 11,

in an alternate € erelrn an Irea 1SS eetch

process nay l&%dé‘t?&?a’i”% %taEBtP\F 1%8 %%ﬁﬁ 6@5:3% 858%2% en% dihui e

hydrofluoric acid (HF). The undercuftin 9 or
not chi ngs of ti@eshkady ahe FisuUlaati BBe | ARkt 3fe WNERT bith Tt dshe wﬁéﬂ-la(ic@(lmﬁl n
32 allows the formation of an omega-shaped gate electrode 32 as shown in
Fi gures 8D- 8gat&himmtf eatodilie alheOWwrocess difficulties associated with the
implementation of the conventional wrap-around structure. The

preceding description completes the fin formation process.

The process is then followed by the gate dielectric layer

10 38 shown in Figures 8B, 9B and 10B. The gate dielectric layer 38
may be formed by thermal oxidation, chemical vapor deposition,
sputtering, etc. 1In general, the thickness of the gate dielectric

may be different on the sidewall 44, 46 of the fin and the top S8

of the fin 32. Depending on the technique of the gate dielectric

15 formation, the gate dielectric thickness on the fin top may be
thinnex than the thickness on the fin sidewall. In one embodiment,

the gate dielectric thickness on the top surface of the fin is less

than 2z20A. The gate dilelectric may comprise of a conventional

- material such as silicon dioxide or silicon oxynitride with a

20 thickness ranging from 3A to 100A, preferably 10A or less. The

gate dielectric may also comprise of high permittivity (high-k)




addi ti onal capacitive coupling between the gate and the channel underneath
the fin, and the structure thus enmulates a wap-around gate but avoids the
process difficulties associated with the inplenentation of the
conventionalswﬁgﬁz und structure. The poecedi ng description conpletes
the fin formgg)oRgpsocess. The process is then followed by the gate
dielectric layer 10 38 shown in Figures 8B, 9B and 10B. The gate
dielectric layer 38 may be fornmed by thermal oxidation, chem cal vapor
deposition, ™epE¥tE nguckt @s | Alysmeral oxidte Phi%ckndesndf™t REIGat &50:
dielectric may be different on the sidewall 44, 46 of the fin and the top
58 of the fFRrSiUREENGE fifen HE TBARYALEDE THAS A AFEl GRFPE 15

formation, t di_el.,e i ipckness on the fin top may be thinner
t han t he thi%ﬁﬁggéﬁ%%ag efégﬁﬁl% %éggl. in one enbodi ment, the gate

dielectric thickness on the top surface of the finis less than 20A. The
gate dielectric may conprise of a conventional material such as silicon
di oxi de or silicon oxyekt|i€iee Wath Raéridi cknassodiargi agdf famedAihoo |00A,
preferably 10A or less. The gate dielectric may al so conprise of high
perm tti¥itygéhegh-dcrréde 200- 996is 2608hOB95.n20igmteeBlLal sSThreughtagnagkuhdhum
oxi de Al 20' hafnium oxide H 02, ‘ _ ,
may be polycrystalline-silicon (poly-Si), poly-crystalline silicon-
germanium (poly-SiGe), a refractory metal such as molybdenum and
tungsten, compounds such as titanium nitride, or other conducting
materials. Implants known as work function implants may be
10 introduced in the gate to alter the work function of the electrode.
A gate magk is defined and the underlying gate material is etched
to form the gate electrode. The gate etch stops on the gate
dielectric, and the gate is electrically isolated from the
trangsigtor structure by the gate dielectric. In the preferred
15 embodiment, the gate material is poly-Si and the gate oxide is
silicon oaxynitride. A plasma etch using chlorine and bromine
chemistry may be used to achieve a high etch selectivity in excees
Of 2000. A high etch selectivity is cricical for device structures

with a tall fin and aggressively scaled gate oxide thickness.

20 After the definition of the gate, the masking material is removed.




zirconium oxide Zr@2r wth an equival ent oxi de thickness between 3
angstrons and 100 angstrons. Next, the gate material is deposited and
formed into a 5 gate electrode 36. This is shown in Figure 8C. The gate
material may be,pplygrystalline-silicon (@aly-Si), poly-crystalline
silicon- germibusgsspol y-Si Ge), a refractory netal such as nol ybdenum and
tungsten, conpounds such as titaniumnitride, or other conducting

materials. Inplants known_as work function irrgl ants may be 10 introduced in
the gate to alter the 5r R*EBNDE TSGR 8 S¥Hie® LEBt rfu@our oe (Hted Pngskerog on
defined and the

underlyin ate.paterial is etched to I tﬁe. ate
el ectrode. The d%t g&é’?%#] stxgps %Iﬁl% he gsao‘ém %fi’elgé‘f??c?g%ﬁ:‘?t lél%a“{aé/ |b§'
el ectrical l y_a&g@g‘edbgrmt 12k 80eshs! Og‘éla%waquéﬁsi@ﬁ tRE 9AbCantation
dielectric. in the preferred 15 enbodinent, the gate naterial Ts poly-Si
and the gate @ximde,isr StHdrc@RcaXYqidd iRwnAapd asdBd ahchndshAg. chisti ng and
brom ne chenmistry may be used to achieve a high etch selectivity in excess
of 2000. 5A hispacetchs stdmeti vint yhé ssiciewtil tal of whedgut€earst rthet ahasmelwbih a
tall fin and aggressively scal ed gate oxide thickness. 20 After the
definition Ofdeﬂ@élga‘?‘é,alﬂfhesm‘?ilﬁg FREREDG of sthendpatkr 6Kt2002006 The
2002- 0895 21 _ i
spacer material may comprise of a dielectric material such as
silicon nitride or silicon dioxide. In the preferred embodiment,
' the spacer comprises a silicon nitride/silicon oxide composite.

10 - After the spacer formation, source and drain regions are doped by
ion implantation, PIII, gas or solid source diffusion, or any other
techniques known and used in the art. Any implant damage or
amorphization can be annealed through subsequent exposure to
elevated temperatures. The resistant of the source and drain can

15 also be reduced by strapping the source/drain with a conductive
material. This can be achieved by self-aligned silicide (salicide)
process, by other metal, poly-Si, or by epitaxial gilicon
deposition. The conductive material may be formed on both the top

of the fin as well as the sidewalls of the fin. In the preferred

20 embodiment, the conductive material utilized is nickel silicide.




The lightly-doped drain (LDD) or source/drain extension 76 is forned next.
This is shown in Figures 9D-9E. This may be achieved by ion inplantation,
pl asma i mMmersion ion inplantation (PII1), or other techni ques known and
used in the ant, Ne¥t, a 5 spacer is formdd on the sidewalls of the gate
and the channgh,hysssdeposition and sel ective etching of the spacer
material. The spacer material may conprise of a dielectric material such
as silicon nitride or. silicon dioxide. In the preferred enbodi nent, the

spacer conprises a si i SORPATETS RefEETi B &6 d& EbtpssPraitad AfPeP the

f ti d i i d d by . i i mpl ant ati on,
PLII, gas or BoMTa BobF &8 ¢ 14si®n ="0r 1Ry ofRr - tbchigdds "RRORR Srd
used in the aph AN IFPLaN e JAEBRNE QY 1085RT PRI ﬁ@é\}iqg & @%oﬂ?@@qjegg%? he

t hrough subsequent exposure to elevated tenperature e resistan
source and dmai scalkoclBhalsoibeigaddcest by 18t £190RIrRge R SAUbERIEHFI Bha th

a conductive material. This can be achieved by self-aligned silicide
(salicide) phovefsimbyterhiel fetalliqol yiSriderwinh epithaxkadsssidfi ebnut
deposition. The.conductive material may be fornmed on both the top of the
fin as well £§0fhe Biedehan | lof matrrifsilningypduses priandf i ean 2 Gtepbodinnthe |
t he conductive material utilized is njickel silicide. 67,200-996 2002-0895
channel region of the multiple-gate transistor. In one embodiment,
a thin film material is gelected such that the strain in the
channel in the multiple-gate transistor of Figures 4A and 4B has a
10 tensile component in the source-to-drain direction for enhancement
of the electron as well as hole mobilities. In another embodiment,
a thin film material is selected such that the strain is in the
source-to-drain direction for enhancement of the electron as well
ags hole mobilities. In still another embodiment, a thin film
15 material is selected such that the strain in the p-channel
transistor 1is compressive (as shown in Figures 5A~SB)for
. enhancement of hole mobility. The high-gtyess thin film material
may be patterned, and another high-strese material may be deposited
8o that channels with different strain may be incorporated on the

20 same wafer. Passivation, contact etch, metallization are then

performed by conventional methods to complete the devices.




22 A high-stress thin film68 is then deposited. This is shown in Figures
BE, 9E and 10E. The thin film 68 nay have a thickness of between 50A and
1000A. A heavily doped source region 78 is also shown in Figure 10E. In

t he preferred67eg‘gp_cy9gent, the 5 thin filmeeaterial is silicon nitride with
a thickness ofygabgu 600A. The thin filmmaterial introduces significant
strain in the channel region of the nultiple-gate transistor. In one
enbodiment, a thin filmmaterial is selected such that the strain in the
channel in the nultipl"8ig&t &Per FREPSRor 1fetiighr 885 apcemhadasigedaingan
tensil e conmpanent .in the source-to-drajn . direction for. enhancenent _of the
el ectron as \%ﬁlusﬁga%lo‘fee "ROBFT 4 t‘iteé’goﬂgﬁ?oflﬂé?rsétr‘?ﬁng%ht, ¢ EeEPIPPRY m

material is ct ed. h he_strajn. . is i o) -1.0= i
direction foﬁggn %%cle%%pegfg% hgee gfle%tlg%%gaeso\%\gfc}%agﬁho{sg&r%gll% fﬂlagg.erl n
still anot hercrembedi MBRttat@cthin film 15 material is selected such that the
strain in the p-channel transistor is conpressive (as shown in Figures
5A-5B)for enhancenent of hole nmobility. The high-stress thin filmnmateri al
may be patterned, and another high-stress nmaterial nay be deposited so

t hat chafnels wth di ffuetbatnste,ai khiky bei npoeportat dovent ithe B4s sheen

waf er. Passivation, contact etch, netallization are then perforned by
convent i onal SRSCRABRA '8 EBRPT SfeatBrefayPeand alternate embodiments, it is

to be appreciated that those gkilled in the art will readily apply

these teachings to other possible variations of the inventions.

The embodiment of the invention in which an exclusive

10 property or privilege is claimed are defined as follows.



67,200-996 2002-0895 23 Wile the present invention has been described in
an illustrative manner, it should be understood that the term nol ogy used
is intended to be in a nature of words of description rather than of
limtation. 5 Furthernore, while the pregant invention has been described
in terms of 63/ pt%P&%red and alternate enbodinents, it is to be appreciated
that those $RPF1%8d°%in the art will readily apply these teachings to other
possi bl e variatlons of the inventions. The enbodi nent of the invention in
whi ch an excl usive 10 property or privictepgesis clainmed are defined as
follows. 67,200-996 2002-0895 24 CLAIMS What is clainmed is: 1. A

mul tipl e- gaﬂ®a§eh$06WdU@ﬂoisstructure conprising: a substrate; a fin

formed of a sem -conducting gaterlal haV|n% dtog surface and two. gldemall
surfaces, said fin subject &4t Epple-garg gemiconductor structure comprising

a substrate;

a fin formed of a semi-conducting material having a top
surface and two sidewall surfaces, said fin subjected to a strain
of at least 0.01% and being positioned vertically on said
suhstrate;

source and drain regions formed in said semi-conducting
material of sald fin with said fin bridging over said source and
drain regions;

a gate dielectric layer overlying said fin; and

a gate electrode wrapping around said fin on said top
surface and said two sidewall surfaces of said fin overlying said

gate dielectric layer.

2. The structure of claim 1, wherein said fin is under

tensile strain in the source-to-drain direction.

3. The structure of claim 2, wherein a magnitude of said

strain is between 0.01% and 2%.




of at

fin with said fin bridging over said
dielectric Ia]yer ovgrlyl ng said fin;
said fin on %gigﬁ&é surface and sai
overlying sai

said fin is under tensile strain int

| east 0.01% and being positioned vertically on said
source and drain regions forned in said sem -conducting materi al

gate dielectric |ayer.

substrat e;

of said
source and drain regions; a gate
and2g gate el ectrode wrappi ng around

d two sidewall surfaces of said fin

2. The structure of claim1, wherein

he source-to-drain direction. 3. The

structure of claim 2,%-whékeiFF=achagni tudd28r Saivdeseiai 1hids fhet Weender01%

and 2% 67, 200- 996
structure of claim4, wherein a nmagni
and 2% 6. The structure of claim1l,
conprises silicon. g

2002 0895 25 4. The str
fin is underr PBRBTFELE F&T3TR aith PR BRRF SotPe

ugture of claiml1, wherein said
GRLTL GrEERt i ection. 5. The

tude of said strain is between 0.01%
wherein said sem conducting materi al

The structure of claim 4, wherein a magnitude of said

strain is between 0.01% and 2%.

6. The structure of claim 1, wherein said semi-
conducting material comprises silicon.
7. The structure of claim 1, wherein said semi-~

conducting material comprises

8.

at the top corners.

9. The

The structure of

structure of

silicon and germanium.

claim 1, wherein said fin is rounded

claim 1, wherein said gate

dielectric layer comprises silicon oxide.

10. The

gtructure of c¢laim 1,

wherein said gate

dielectric layer comprises silicon oxynitride.




7. The structure of claim1l, wherein said sem conducting materi al
conprises silicon and germanium 8. The structure of claiml, wherein said
finis rounded at the top corners. 9. The structure of claim1l, wherein
said gate dielectric |ayer conprises sili2geon oxide. 10. The structure of
claim1l, mhe%%fﬁg' °d gate dielectric layer conprises silicon oxynitride.
67, 200- 996 §2°0895 26 11. The structure of claim1, wherein said gate
dielectric layer conprises a high permttivity nmaterial selected fromthe
group consisting of LaRO r R0stHiQureH O\ ghai®r 02, WwErethe sidudatce of
claim 11, wherein a relative permttivity of said gate dielectric_layer is
at least 5. dBleTheist aeuradmerieeai mhEghwReret fFivaty @%E%F%ﬂlePéﬁ?qegg

| ayer has a thickness between_ 3A and _100/. . Th tr re of, claimil,
wher ei n sai dUgRt ¢RedPEPER (GAREIPEIE Aa ?ﬁb’éﬁdP?fgfgﬁtﬁ%§#6Vhe§§86n sai d

two sidewall surfaces and said top surface of the fin. 15. The structure
of claim1, wherein said gate
12. The structure of claim 11, wherein a relative

permittivity of said gate dielectric layer is at least 5.

13. The structure of claim 1, wherein said gate

dielectric layer has a thickness between 3A and 1OOA.

14. The structure of claim 1, wherein said gate
dielectric layer having a different thickness on said two sidewall

surfaces and said top surface of the fin.

15. The structure of c¢laim 1, wherein said gate
dielectric layer having a first thickness on the top surface of the
fin and a second thickness on the sidewall surfaces of the fin,

said first thickness being smaller than said second thickness.

16. The structure of claim 1, wherein said gate
dielectric layer having a thickness of less than 20A on the top

surface of the fin.




dielectric layer having a first thickness on the top surface of the fin
and a second thickness on the gidewall surfaces of the fin, said first

t hi ckness being snmaller than said second thickness. 16. The structure of
claim1l, wherein said gate dielectric | &yer having a thickness of |ess

t han 20A on Thé°$" ® surface of the fin. 67,200-996 2002-0895 27 17. The
structure of*%a 1, wherein said gate el ectrode conprises polycrystalline
silicon. 18. The structure of claim1l, wherein said gate el ectrode
conprises polycrystaliine sthis corrwemeniefin c18im The gthegetar @adfl d@=g&em 1,
wherein said gate el ectrode conprises netal. 20. The structure of claiml,
wher ei n sai ceksireee afRIPFL &R A EQ&¥Q§H§té%EH“t8ﬁﬁFP§bS a lightly doped or
extension region. 21. The structure of claiml, wherein said source and
drain regions are straddl ed by a conductive material such as netal or

silicide. 22. The stry &turgﬁgé dgkﬁweu]re "‘er%hguﬁorit a%@&%wes%@d spied gate

el ectrode and said source rarn regions are on
electrode comprises polycrystalline silicon germanium.

19. The structure of c¢laim 1, wherein said gate

electrode comprises metal.

20. The structure of claim 1, wherein said source and

drain regions each comprises a lightly doped or extension region.

21. The structure of claim 1, wherein said source and
drain regions are straddled by a conductive material such as metal

or gilicide.

22. The structure of claim 1, wherein contacts between
said gate electrode and said source and drain regions are on at
least one of the sidewall swrfaces.and -ommthe TOp surfacijof the

fin.



| east one of the sidewall avrfa.c~s. and -ena top surface) of the fin.

67, 200-996 2002-0895 28 23. A nultiple-gate sem conductor structure
conprising: a substrate having a depression in a top surface, said
depression conprises an undercut or a notagh; a fin forned of a

sem - conduct$hg%fed®éri al having a top surface and two sidewall surfaces,
said fin beitf§4sthi’ected to a strain of at |east 0.0196 and being
positioned vertically juxtaposed to said depression in said top surface of
the substrate; a gatexii eheniidiplbayere aealtgridugtsait icanrantnar gaire :

el ectrode wapping around said fin on said two sidewall surfaces, said top
surface, and a bottom ofutmtivase biviswi & dbpresgdon Theanettheairdhcel Hahd23,
wherein said fin is under tensile strain in the source-to-drain direction.
25. The net h@%PT@fSSéPai?ﬁWisﬁﬁe?Iéi%d&r%’grﬁ’% @dB°&fhisaid strain is between
0.01% and 2*. 26. The d of cI im23 n said fin i,s_unde
conpressive strain in?t 385?‘%% Yo 2dFETH %ﬁn% h%‘?‘l.ma%erla tRd cop

surface and two sidewall surfaces, said fin being subjected to a
strain of at least 0.01% and being positioned vertically juxtaposed
to said depression in said top surface of the substrate;

a gate dielectric layer overlying =said fin; and

a gate electrode wrapping around said fin on said two
sidewall surfaces, said top surrace,'and a bottom of a base of saild

fin.

24, The method of claim 23, wherein said fin is under

tensile strain in the source-to-drain direction.

25. The method of claim 24, wherein a magnitude of said

gtrain is betwean 0.01% and 2%,

26. The method of claim 23, wherein said fin is under

compressive strain in the source-to-drain direction.




67, 200- 996 2002-0895 29 27. The nethod of claim 26, wherein a magnitude of
said strain is between 0.1% and 2% 28. The nethod of claim23, wherein

sai d sem -conducting material conprises silicon. 29. The nethod of claim
23, whereincsaig _ggm -conducting naterial29conprises silicon and germani um
30. The netaggigk9§ aim 23, wherein said fin is rounded at the top corners.
31. The nethod of claim 23, wherein said gate dielectric |ayer conprises
silicon oxide. 32. The structure of claim?23, wherein said, a%ﬁegi el ectric
| ayer conprises siliédn dQ?hPFF?ﬂ%FfBE?aﬁﬁésstYmﬁ?ﬁPeadV“%PgP , “Wherein
said gate dielectrig?kgger cquééggé%a high permttivity material selected

La203;

fromthe gr&iptons SFrRgTor" ATa03, Hf02r Hf ON and Zr02. 67, 200- 996

2002-0895 30 34. The structure of claim?23, wherein a. relative

28. The method of claim 23, wherein said semi-conducting

material comprises silicon.

29. The method of claim 23, wherein said semi-conducting

material compriseg gilicon and germanium.

30. The method of claim 23, wherein said fin is rounded

at the top corners.

31. The method of claim 23, wherein said gate dielectric

layer comprises silicon oxide.

32. The structure of claim 23, wherein said gate

dielectric layer comprises silicon oxynitride.

33. "The structure of claim 23, wherein said gate
dielectric layer comprises a high permittivity material selected

from the group consisting of La,0,, Al,0,, Hf0,, HfON and Zr0,.




permttivity of said gate dielectric layer is at least S. 35. The structure
of claim23, wherein said gate dielectric |ayer has a thickness between 3A
and 100A. 36. The structure of claim 23, wherein said gate dielectric

| ayer having a different thickness on sai3® sidewall surfaces and said top
surface of tRe?%9°82°37. The structure of claim 23, wherein said gate
dielectric Pﬁ?@#aﬁaving a first thickness on the top surface of the fin
and a second thickness on the sidewall surfaces of the fin, said first

t hi ckness bei ng snal lzar. t hame sattharoendft helgkimess, 38erBhe <t rasdebtes of
claim 23, wherein said gate dielectric layer having a thickness of |ess

t han 20A on pelreitojvityupfaseid ghtehdieldctirigolayRre ist 2tucitedseé of cl ai m 23,
wherein said gate el ectrode conprises polycrystalline silicon. 67,200-996
2002- 0695 31 40. The structure of claim23, wherein said gate el ectrode

compr i ses pol ycrystaljdne silicon germmniumeidl, Toe ShLUCLyrga0f ghebm 23,

wherei n said gate el ectrodé npris al
dielectxric layer has a thickness between 3A and 100A.

36. The structure of claim 23, wherein said gate
dielectric layer having a different thickness on gaid sidewall

surfaces and said top surface of the fin.

37. The structure of claim 23, wherein said gate
dielectric layer having a first thickness on the top surface of the
fin and a second thickness on the sidewall surfaces of the fin,

said first thickness being smaller than said second thickness.

38. The structure of claim 23, wherein said gate
dielectric layer having a thickness of less than 20A on the top

surface' of the. £in.

39. The structure of claim 23, wherein said gate

electrode comprises polycrystalline silicon.




42. The structure of claim 23, wherein said source and drain regions each
conprises a lightly doped or extension region. 43. The structure of claim
23, wherein said source and drain regions are straddl ed by a conductive
material such ag,netal or silicide. 44. 3fhe structure of claim 23, wherein
contacts betwe@gsal d gate el ectrode and said source and drain regions are
on said sidewall surfaces and said top surface of the fin. 67, 200-996
2002-0895 32 45. A nethod for fabricating a nultiple-gate sem conductor
structure conprising the stBys SFFUPBFE dPhgciSubdi r atBeEdDipr F3ichgoate

sem - conduct i layer overlying.an_insylating.layer; patterning and

Form ng a fi RLPRraRrc i et BHLT TR FAges PMARY 195PRRIPRY {0 ! dewal |
surfaces and a top surface; depositing a |layer of a dielectric nmateri al
overlying said f in; depositing a | ayer of a conductive material overlying

said layer of dielectgic mafedi atiudaldeerdd ngLsal d2d ayehediC08LUCT by
material formng a
electrode comprises a metal.

42, The structure of claim 23, wherein said source and

drain regions each comprigses a lightly doped or extension region.

43. The structure of claim 23, wherein said source and
drain regions are straddled by a conductive material such as metal

or silicide.

44. The structure of claim 23, wherein contacts between
said gate electrode and said source and drain regions are on said

sidewall surfaces and said top surface of the fin.




gate straddling across said two sidewall surfaces and said top surface of
the fin; formng a source and a drain region in said sem - conducting
| ayer; and depositing a layer of a thin filmoverlying at |least partially

sai d source and drain regions. 46. The m&hod of claim45 further

o 67,2 6 ; . ; ) . .
conpri sing Elégﬁ;sotggg of form ng said sem -conducting layer in a materi al
conprising silicon. 67,200-996 2002-0895 33 .47. The nethod of claim45
further conprising the step of formng said sen -conducting layer in a
material conprising %i-licor® aftFtgermaAPam faB:icptérget Rod ™8t BH& ARES
further conpri s_i(gl%dthe step of formng said insulating layer in a materi al
conpri si ng SEMEEOHUGOFdEE T U UrPh EORRK TG ASoF T 1SHERPARE T wherei n said fin
formng -step further_ _comprising.a fin surface.spoothing ste .‘?0. TQ
. . L laydF
et hod of cl ai m 49 WRBF &l R-Sard T “SUPrats SAROChiRG: SUe oF i Thary
conpri'ses sWR=3i¢N%y Un $A6H1{d Gk aped dation
patterning and forming a fin in said semi-conducting
layer, said fin having two sidewall surfaces and a top surface;
depositing a layer of a dielectric material overlying
said fin;
depositing a layer of a conductive material overlying
sald 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;
forming a source and a drain region in said semi-
conducting layer; and

depositing a layer of a thin film overlying at least

partially said source and drain regions.

46. The method of claim 45 further comprising the step
of forming said sémi-conducting layer in a material comprising

gilicon.




and hi gh tenperature annealing in a hydrogen anbient. 51. The nethod of
claim45 further conprising the step of formng said gate dielectric |ayer
in a material conprising silicon oxide. 52. The nethod of claim45 further
conpri sing tshe st e of form ng said gatesdielectric layer in a materi al

conprising XiEiR3e° oxynitride. 62, 200-996 2002-0895 34 53. The nethod of

claim45 further conprising the step of formng said gate dielectric |ayer
in a high permttivity nmaterial selected fromthe group consisting of
La208, A1203, Hf 021 -4 ONTandnezbeg, o54clafive ¢ fefrddredt COTRE MBS, thth & EPN
said high permttivity material has a rel a#i ve permttivi t‘X of at_J|east 5.
55. The met Kid GETERg] AR4S FEPY IRAPARERIRT st G HE st dES3F 2t o Ry %84Pd

gate di el ect rglc | ayer a tmckness bet ween 3A and |o00A 56. The nethod

to
of cl ai m 45 FUrfRBrA b ASFIeMH " the step of forning a different thickness

of said gate dielectric layer on the sidewall surfaces and on the top
surface of the fin.

48. The method of claim 45 further comprising the step
of forming said insulating layer in a material comprising silicon

oxide.

49. The method of claim 45, wherein said fin forming

- step further comprising a fin surface smoothing step.

50. The method of claim 49 wherein said fin surface
smoothing step further comprises sub-steps of sacrificial oxidation

and high temperature annealing in a hydrogen ambient.

Si1. The method of claim 45 further comprising the step
of forming said gate dielectric layer in a material comprising

sllicon oxide.

52. The method of claim 45 further comprising the step
" of forming said gate dielectric layer in a material comprising

silicon oxynitride.




57. The nethod of claim45 further conprising the step of formng said

gate dielectric layer to a snmaller thickness on the top surface of the fin
- conpared to the gate dielectric layer on the sidewall surface~of the fin.
67,200-996 2002-0895 35 58. The nmet hod &4 cl ai m 45 further conprising the
step of foré ﬁgoﬁﬁé gate dielectric layer on the top surface of the fin
to a thickne®92088%ess than 20A. 59. The method of claim 45 further

conprising the step % fofdy &gtﬁéaszg%ﬁsmrhsa BEEES AonERIRIAS M step
pol ycrystalline silicon. 60. The nethod of claim45 further conprising the

step of forgEngosaith 985631 Babe MBLETEAIriCONRIEE! N6 ROI XSdH | FOFNi t@eT BRI UM
61. The nmethod of claim45 further conprising the step of formng said

source or draaterieqi erlécced |fght ke dopecd aonsbxt RS iodn Lagyi oAL,062 HEDhe
nmet hod of claim45 further conprising the step of formng a |ayer of a
conducti ve nHf@¥iamd &n0t-op of said source and drain regions.

54. The wethod of claim 53, wherein said high

permittivity material has a relative permittivity of at least 5.

55. The method of claim 45 further comprising the step
of forming said gate dielectric layer to a thickness between 3A and

100A.

56. The method of claim 45 further comprising the step
of forming a different thickness of said gate dielectric layer on

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

57. The method of claim 45 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 layer on

the sidewall surfacfﬁof the fin.




67,200-996 2002-0895 36 63. The nmethod of claim62 further conprising the
step of formng said |ayer of conductive material in a material selected
fromthe group consisting of nmetal, nmetallic silicide, and netallic
nitride. 64. The nethod of claim45 furtlegr conprising the step of formng
said layer of7.8°91%°A filmin a high-stress material. 65. The nmethod of

clai m 45 furi®ér°%Snprising the step of forming said layer of thin filmin
silicon nitride. 66. The nethod of claima45 further conprising the step of
form ng said | ayer ofsd.hi mhéihentod bAdece a4t ehsithgrstemprisicanpeonaieri n a
channel region that is in the source-to-drain direction. 67. The nethod of
cl ai m 45 f uréthéoroonprirei ggte B edeepriofiayey Mmghsdiap sayEicoPit MG fPIimto
i nduce a conpressive strain _conponent An a channel region that is in the
source-to- drit i tHBiPEregSoRE less than 20A.

59. The method of claim 45 further comprising the step
of forming said gate in a wmaterial comprising polycrystalline

gilicon.

60. The method of claim 45 further comprising the step
of forming said gate in a material comprising polysilicon

germanium.

61. The method of claim 45 further comprising the step
of forming said source or drain region in a lightly doped or

extension region.

€2. The method of c¢laim 45 further comprising the step
of forming a layer of a conductive material on top of said source

and drain regions.
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63. The method of claim 62 further comprising the step
of forming said layer of conductive material in a material selected
from the group consisting of metal, metallic gilicide, and

metallic nitride.

64. The method of claim 45 further comprising the step

of forming said layer of a thin film in a high-stress material.

65. The method of claim 45 further comprising the step

of forming said layer of thin f£ilm in silicon nitride.

66. The method of claim 45 further comprising the step
of forming said layer of thin £film to induce a tensile strain
compenent in a channel region that is in the source-to-drain

direction.

67. The method of claim 45 further comprising the step
of forming said layer of thin film to induce a compressive strain
component in a channel region that is in the source-to-drain -

direction.




