STRAI NED- CHANNEL MULTI PLE- GATE TRANSI STOR Field of the Invention The
present i-nvention generally relates to a nultiple- gate transistor and

nmet hod for fabricating and nore particularly, 5 relates to a

strai ned-channel mnultiple-gate transistor and nmethod for fabrication.
Background of the Invention Size reduction of the netal-oxi de-sem conduct or
field- effect transistor (MOSFET) has enabl ed the continued inprovenent in
10 speed performance, density, and cost per unit function of integrated

circuits over the past f:@w H862888:, te length of the conventiona
bul k MOSFET is reduced, the interacﬁﬁiﬁ&gﬁpgﬁésugdﬂgﬁgrﬁﬁﬁzdrain with the

channel is increased resulting in gained influence on the channel
potential. Consequently, a transistor 15 with a short gate |l ength suffers
fromproblens related to the i fdabifiidfytbé Inhengaine to substantially
control the on/off st%%§5'of t he channel. Phenonena such as reduced gate
control associated witfi PTHITSCstBYRRSTi FRpeshbin reharareltol engtltdpbe-e known

as short 2 channelaefif:est Simal RENEAS . dopi ng. concentration, reduced
gate oxide thickness, and Ultra-sha %%agg%ﬁFgéfagﬁpnmfﬁﬁé?FBH%*éFﬁﬁmays
5 relates to a strained-channel multiple-gate transistor and method

for fabricatiecn.

Background of the Invention
EBize reduction of the metal -oxide-semiconductor field-
e;fect trangiscor (MOSFET) has enabled che continued lprovement in
10 speed performance, density, and c¢ost per unit function of
integrated circuits over the past few decades. As the gate length
. of the conven;ional 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
with a short gate lenath suffers from problems related to the
inability of the gate to subgtantially control the on/off statas of
the channel. Phenomena such as reduced gate control associated

with transistors having short channel lengths are known as short-



to suppress short-channel effects. Wen the gate length is scaled down into
the sub-So 5 nanoneter (nn) reginme, the requirenents for body-doping
concentration, gate oxide thickness, and source/drain (SID) doping

profiles to control short-channel effects beconme increasingly difficult to
meet when conventional device structures dased on bulk silicon (8i)
substrates are enpl oyed. For device scaled down well 10 into the sub-so nm
regime, a promnm sing approach for controlling short-channel effects is to

use an al t er natiMe1desaCes St EMSLULE; 3] d:gat.e .on, wap-around
gate structure. The rruleti%l e-gate tra%éidé Jgr?gsgﬁ%%t@ur%%ﬁé egpcecc?gdteto

extend the scakady Ehioknets CMEB uiteahsiollagy Rayesditbe sinbit ikl gRswdfs t he
conventional bul k MOSFET. 15 The introduction of additional gates inproves
t he capacitank® S'OBHPIS f§opetaheenck kéfepftses and the channel, increases the
control of the channel potential by the gate, hel ps the suppression of
short channel effects, and prolongs the scalability of the MOS transistor.

3 Strain-induced mobignehY c68haRGEMRAL L S; angther %8%0%?& .tt;?lei |ERE

transi stor performance in addition to device scaling. Ignificant mobility

enhancenent hascoeesr r epaiit ededg@fme POt fhe  requirements Ffor  body-doping
concentration, gate oxide thickness, and source/drain (8/D) doping
profiles to control short-channel effects become increasingly
difficult to meet when conventional device structures based on bulk
silicon (8i) substrates are ecmployed. For device scaled down well

10 inco cthe gub-59 nm regime, a promiging 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 additicnal gates improves the capacitance
coupling between the gates and the channel, increases the control
of the channel potential by the gate, helps the euppression of
short channel effects, and prolongs the gcalability of the MOS

transistor,



el ectrons and holes in conventional bulk transistors using silicon 5
channel under biaxial tensile strain. It would be desirable to exploit the
effects of strain-induced band structure nodification to enhance carrier
mobilities in nultiple-gate transistors. However, there has been no
research publications on the use of stragned channel for enhancenent of
performance in multiple-gate 10 transistors. This is because techni ques
used to induce the biaxial tensile strain for enhancement of carrier
nobilities in conventg - r I rs.are not applicable to

mul ti pl e-gate transist%&égt?ﬁ%%ﬁ?é?ﬂﬁiiggﬁ%@ﬁ Tonar ¥£8ﬂﬁT de RREEa°k o

i nduce a bi axical itensk| eranbbssdy giep fbfndnbe chamael ; &egh 08, fceasﬁ%}{gmi onal
bul k MOSFET nakes use of a relaxed silicon germanium (Site) buffer-layer,
as shown in degntiecant oMol itve shAanThreentel lasee dbSinGerdpayesd 12omhbetn i S

formed on top, % t he g&pg%d Si Ge buffer layer 14 on top of Si substrate 16

has a |larger [atfice cofs tOFPAY B 82t Ak ddraspistRrBisink agfdic@0 20 of

epitaxials S ghowri00ni8l axedi N Genl2iidl,be under biarial, rensile
; b I ralsy. AN
strain, as shown in Figure 1B. Both hol e an eIect?"S‘ﬁi ﬁmngﬁ?VFP BstGre
enhanced in thepkstitaimedrSicdsayers2QinSiMeeea vl §iRle,gateqdevi.ce, such as
the doubl e-gate fin FET structure
to enhance carrier mobilities in multiple-gate transistors,
However, there has been no research publications on the use of
strained channel for enhancement of performance in multiple-gate
10 trangisbors. This ie bhecause techniques used to induce the biaxial
tensile sgtrain 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 laver, as shown in
device 10 of Figure iA. The ralaxad $iGe layer 12 which is formed

on top of the graded 8iGe buffer layer 14 on top of 51 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



resides on a silicon-on-insulator substrate and enploys a fin-1like
channel , the conventional approach that enploys a relaxed SiGe 5 buffer is
not applicable. In addition, the device structure and channel orientation
of a multiple-gate transistor may be significantly different than that of
t he conventional bul k MOSFET. This nmeansgthat the nature of strain
required for enhancenent of carrier nobilities in a nmultiple-gate device

may be significantly 10 different than that used for the conventional bulk

MOSFET. To oveLgane.the .shortcom ngs of the prior art, it is therefore an
obj ect of the |nvention ,—%8 SP%V?C g a"miPei preigat et thavssi Por Sincsceure

with a strainethiehprnelatel telso er,,obj ec t i nvention . to
illustrate the 15§na§%re and é??g%?igﬁ g%§é£ﬁ§£ Jpﬁgtgé?n£¢%dﬁFP@ﬁ”For a
non- convent i offghdemloni plelgatre odevian ash¥ Yobsir@celdnd sSmafArd hep. ghiect of
t he invention(ﬁf grovh&g a nmethod of manufacture for the strained-channel
mul ti pl e- gat e ~FFamsi stdr COBVeSpRat yarifrophe thatestpbryd m acderaanmaew t h

the present inyept)an, ,a tli.g‘lng:{egatg sem conductor structure and a
met hod for fabricating trﬁg&ﬂrﬁllltl B1%.- 1 ac?drpt:lon, tge cEeva,ce structure and
channel orientation of a multiple~gate Etransistor 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 che 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 gtructure with a strained channel.

It is another chject of the invention to illustrate the
15 hature and direction of a useful strain required for a non-

conventional multiple-gare device structuxe.

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

transistor.



gate sem conductor structure are provided. 5 In a preferred enbodi nent, a
mul tipl e-gate sem conductor structure is provided which includes a
substrate; a fin formed of a sem -conducting material that has a top
surface and two sidewall surfaces, the fin is subjected to a strain of at
| east 0.01% and is positioned verticallyson the substrate; source and
drain regions 10 forned in the sem -conducting material of the fin; a gate
dielectric layer overlying the fin; and a gate el ectrode wapping around
the fin on the top surface and the sid || surfaces of the fin overlying
the gate dielectric layer. In téﬁlén%ﬁfﬁ talefp e- .Isnér?rétls‘”élm conduct or “structure,

the fin 15 maybe undem sensihecShial Bré BrbhenS oW L1 4,0 drahps diLggtd on, or
maybe under conpressive strain in the source-to-drain direction. "A

magni t ude of FHE OPRATIPT| Styetweernd. D hetlegt £8i faFhecaeny -treonduspiag
material may be silicon, or a material includi ng silicon and germani um
The fin may be Folnded At t¥e St BIF WEE N PrTHEed0 gate diel ectric |ayer may
include silicon oxide or silicon 6 oxynitride. The gate dielectric |ayer
may include a high permttivity material such as, but not Iimted to,

La203, A1R03, H02, HnON ededle@Penbiend: A 2k IS  POIITLEL Wb Pl g gat e
structure is provided which includes a substrate; a fin formed of
a semi-conducting material that has a top surface and twao sidewall
purfaces, the fin is subjected to a styain of at leagt 0.01% and is
positioned vertically on the substrate; source and drain régiona
10 formed 41in the semi-conducting material of cthe f£in: a gate
dielectric layer overlying the fin: and a gate electrode wrapping
around the f£in 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 stxain in the source-to-drain direction.

A magnitude of the strain 1lg between 0.01% and 2%. The seml-
conducting material may be silicon, or a ﬁaterial ineluding silicon

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

20 gate dielectric layer wmay include silicon oxide or gilicon



dielectric layer is at least 5 while a thickness of the gate 5 dielectric

| ayer nmay be featuring 3A and 100A. The gate dielectric |ayer nmay have a
different thickness on the two sidewall surfaces and the 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 snmaller than the second thickness.
The gate dielectric |ayer may have a thickness of |ess than 20A on the top

surface of the fin..The gate el ectrode may include polycrystalline
silicon. The d%ggléfécfrodg%ﬁajﬁ%ﬁrt:ﬁ?ef E1UdE TSI YRy stitiffe @ shighcon
germani um or gE@uatciviRe 8OW:G812a8d.dral nLegions, 3.d1av,

lightly doped or extens?on regi on. %he source §£§J§?%?%q§¥eéﬁéhs %ﬁ@’be
straddl ed by alf®endHEeN vendraternial WCheAScaRs abefice ShdyCigle. cHONAGE S
bet ween the gate_ el ectrode and the source and drain regions may be on the
si dewal | surf 862D 16N 1BKF tbp urease Sof whiHe fi phidkneFheopr eixenate

i nventionsis f di | tiple:gate sem conductor structure
whi ch ipcﬁudeéﬂéigﬁgggrgﬁégﬁﬁgigﬁgggggrﬁ%b?%g@%dﬁo n 3t Ggte firdeeriche
depr essi on mayaber arkyUARSES QUE; Oferedt {lgaltg%ﬁhe@s oh Pt IBL 0@ 1 surfaces

sem -conducting material that has a
and the top surface of the £in., 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 peolycrystalline
silicon. The gate electrode may further include polycrystalline
gilicon germanium, or metal. The source and drain regione each may
IS have a lightly doped or extension region. The source and drain
regions may be straddled by a conductive material such as meﬁal or
silicide. Contacts between the gate electrode and the source and
drain regions may be on the sidewall aurfaces o on. the top surface

of the fin.



5 surface and two sidewall surfaces, the fin is subjected to a strain of
at least 0.01% and is positioned vertically juxtaposed to the depression
in the top surface of the substrate; a gate dielectric |ayer overlying the
fin; and a gate el ectrode wapping around the fin on the two sidewall
surfaces, the top surface and a bottomofz 10 a base of the fin. The
present invention is still further directed to a nethod for fabricating a
mul ti pl e-gate sem conductor structure that can be carried out by the
operating steps of proyi a substrate . s fornmed_of an insul ating

material that has a sem gcponﬁuc i"AgSTS Tale ?“Bwetrof)“eﬁﬁ?‘fé”n?rﬁ‘b‘lé’rﬁ}erorm ng

a fin in the spie- sandustididr $d@Yeturd Basdi anﬂﬁae%w g fm LS 4
surfaces and a top surface; depositing a |ayer of ectric naterial

overlying the qqpmessad@p@swt itny =udfayer wk depesdusd | mﬂg gaterdereyeikyi ng

the | ayer of diel ctrlgltrrat erial, patterning the layer of conductive
material 20 f &t APH e gf‘?%?dﬂ#|%§e‘a’cTC§§§u‘f‘ﬁé‘9tWe§MJeWéM rwgr 4 geps and

the top surf o fJ K AaSQurge and.a drain re |on|nthe8
seni - conduct i %gl‘%lf'g%/erran& & %Ilepgélmf A 9ace| 4 tghr ot éstsﬁlﬁﬁe‘?tﬁ ° VT Png at
| east partial lof thelsaur 0601asndnér19é @:o%@gid?l@é veh18 FBLNqd. £ 9L..Labrd ¢gLling a

mul tipl e-gate sem conduct or
depression in the top surface of the substrate; a gate dielectric
layer overlying the fin; and a gate electrode wrapping around the

fin on the two sidewall surfaces, the top surface and a bottom of

10 a bage 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—condﬁcting
layer, the fin has two sidewall space surfaces and a top surface;
depositing a layer of a dielectyic material overlying the fin;

- 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



structure may further include the step of formng the sem - 5 conducting

|l ayer in a material including silicon, or including silicon and germani um
The nethod may further include the step of formng the insulating layer in
a material including silicon oxide. The fin form ng step may further
include a fin surface snmoothing step, wagle the fin surface snoothing step
may further include sub 10 steps of sacrificial oxidation in high
tenperature annealing in a hydrogen anmbient. The nethod may further

include the step. of  .form ng the gat ielectric layer in a material
i ncl udi ng silicon oxide Sor ¥h-a fa eg?péﬁmfhr@ Wi T SSi 195cén 'GRYnifE+T de.

The method mayefurinBest nReLUR L DL 1SE €Re cpi‘oulj_,g% rr?nggd{atalgogg%fgi electric

| ayer 1S using a high permttivity material s 03, Hf 0" Hf ON

and ZrQ,. The high permttivity material may have a relative permttivity
of at least S. The nethod may further include the step formng the gate
dielectric layer to a THi BRAESSIdefNewira8Ang and1t0pke -gRhe supti bodiunayyr

further include the step of qur{J njgl?i go deferent t hi ckness of the _gate
dielectric layér on the $i 58\’?\%3 FatesPand sh thefeoprgurhace=wsi- t he
dieicctric layer to o st Tort bl Skacod lon T haipap tihraceopr nilafes
gilicon and germanium. The method may further include the step of
forming the insulating layer in a material including silicen oxide.
The fin forming step may further include a fin gurface smoothing
step, while the fin surface smoothing step may further include sub-

10 steps of sacrificial oxidation in high temperature annealing in a
hydregen 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 gilicon oxynitride. The method
may further include the step of forming the gate dielectric layer

15 using a high permittivity material such as La,0y, Al,0;, HED,, HION
and 2ro,. The high permittivity material may have a relative
permittivity of at least §. The method may further include the
step forming the gate dielectric layer ro 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.



the fin conpared to the gate dielectric layer on the sidewall surfaces of
the fin, or the step of formng the gate dielectric 5 layer on the top
surface of the fin to a thickness of |less than 20A. The method may further
include the step of formng the gate in a material including

pol ycrystalline silicon, or in a materialg including polysilicon germani um
The nmethod may further include the step of formng the source and drain
regions with a lightly 10 doped or extension region, or the step of formng

a layer of a conducti Ve, grl al overl ying the source and drain regions.
The nmethod may further | néitugd e ’S‘F%‘"p?rofmf%ﬁfdrﬁ RbE t16P| @f iorping the

conduct i ve ek dBce i grdatoselael e (homthe group. consisting of

metal, netallic silicide metalTic nit

i ncl ude the sty dfinf oemiangdt be tiayefacdf @elddd¥icl bhyBd Rpa [ALID; 84855
material, or forming the layer of thin film in silicon nitride. The nethod
may furt her i r'?élIrg] U RE Elf‘eepfl&fr of OFhe §er hef |fayeinofehthgar S idimléariacl ude

a tensil esstrai,p.,.comenept, in a cha ng%a rg ion that is in the
source-to-drain’ 20 directron. U‘f e fOr eHercriRiuaé Lo shep of
formng the bajer mfe ﬁ\@&Hbdfini}meQtﬁeqdliﬁQl@E COMPrEsg e (3L ALD component in

a channel regl on that is in the source-to-draln ection:
in a material including polycrystalline silicon, or in a material

including polysilicen 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 regiona. The
method may further include the step of forming the layer of
conductive material in a material selected from the group
congisting of metal, metallic gilicide, and metallic nitride. The
15 method may further include the atep 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 furthaer include tha step of
forming the layer of thin film to include a tensile strain
component in a channel region that is in che gource-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.



Brief Description of the Drawi ngs These and ot her objects, features and

advant ages of the present invention will becone apparent fromthe
followi ng detailed description and the appended drawi ngs in which: 5
Figures A and IB illustrate a conventional bulk MOSFET that utilizes a

rel axed silicon germanium buffer |ayer tqggi nduce a biaxial tensile strain
in the channel region. Figure 2 is a perspective view of a present
invention mnultiple-gate transistor. 10 Figures 3A and 3B illustrate the

si x-fol d degenerate conducgion band valleys of relaxed silicon. Figures 4A

and 4B are plane view and péfsHelEFVERTH8W GF ht Me2piwggent i nventi on

mul tipl e-gate transistef.dndes Ankensd<kLe:. stral 15 Fiqures 5A and 5B are
pl ane vi ew and perspective vieM/Sf tﬁg %?bggﬁ%ﬂﬁﬁv%h Fgﬁa ?Fﬁﬁgpﬁﬁte

transistor ungeesentCoNPMessh e llSidcding. apbhredt GUSLSHE o318 A8 Mh EY Of
the present invention nultiple-gate transistor with a gate el'ectrode and a

thin film foffittFighipomnd the appended drawings in which:

5 Figures 1A and 1B illustrate a conventional bulk MOSPFET
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 valleys of relaxed silicon.

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

the present invention multiple~gate transistor under a tensile

akrain.

15 Figures 5A and 5B are plane view and perspective view of
the present invention multiple-gate transistor under a compressive

strain.



Figure 7 is a plane view of another enbodi nent of the 5 present invention
multiple-gate transistor with a gate electrode and a thin filmand two
spacers formed on top. Figures 8A-8E are enlarged cross-sectional views
illustrating areas process steps for the present invention transistor
taken along lines A-A of Figure 7. 10 Figuyres 9A-9E are enl arged,
cross-sectional views of the various process steps for the present
invention transistor taken along lines B-13 of Figure 7. Figures 10A-10E
are enl arged, cross-segt iu(%nal svi,ews of. the various process steps for the
present invention transiStor °15° ket4FoN§cY i Absti Guseert gupenFiod 2
Figure 11 is aupefspesidy I -'llﬁl t.h nbadi ne of the present

i nventi on havi ng apﬁ u%%jdeer ?J;Ahgir%%frn%%% a?%%tehgﬁg‘gtbré’ ?aﬁ%‘g et éﬂjﬂ“

Descri pti on ofetival Prnefegr.red Enbodi nent 5 The present invention discloses a
met hod of manufacturing for strained channel field effect transistors with
mul tiple-gates capable of scaling down the conpl enentary

net al - oxi de- sem conduct,or (.FIVDS) t?chnol_ogy well into the sub-50 nanoneter
(NM) l’egihTL igure 13 7a plane vieWw 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 8A-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 SA-9E are enlarged, cross-sectional views of the

varilous procesds steps for the present invention transistor taken

along lines B-B of Figure 7.

Figures 10A-10F are enlarged, oroass-sectional views of
the varicus procesa steps for the present invention transistor

15 taken along lines C-¢ of Figure 7,



Figure 1A illustrates a technique to induce strain in the 10 Si channel of
a conventional bul k MOSFET 10 by growi ng an epitaxial silicon (Si) |ayer
22 on a relaxed silicon-germanium (Si Ge) larger overlying a silicon
substrate 16. Relaxed Si Ge |layer 12 has a |larger lattice constant conpared
to relaxed Si, and the thin layer 22 of epitaxial Si grown on the rel axed

SiGe layer 12 will be under 15 biaxial tensile strain, as shown in Figure
1H. In the bulk MOSFET 10, both hole and electron nobilities are enhanced
inthe Si layer under_biaxial,tensile strain Figure 2 illustrates a

perspective view of a prasent i Avert i BIRGPEHE e¥ifat eok r anslilst o1ot30f or med

with a fin-lilkebddinehasnahe3geesthe fivanli 3Z.extend vertically
froman insulating substrate 34 wi th anhégphgbﬁgpgh m%mrmaiﬁr %

overlying gatén36h%ﬁ@b§taﬁ@und the gate dlelectrlc | ayer 38 on the f|n 32.
The carriers in the channel flowin the source-to-drain S direction, i.e.,
the y direction fromsource 40 to drain 42. It is advantageous to utilize

a tall and narrow fi state current while
mai nt ai ni ng a good cgﬁigé%&iggf% ﬁ%?f%cﬁgﬁﬁEFfeﬁFﬁe€W§ﬁimﬁé hei ght h, of
the fin 32°is typi cal |nd ar@mn:thaRn: R0utkcrbol MhOKNRSS 910l 00 dED T

is between 50,4 and 500, 4
Eor strained chanmnel field effect transistors with multiple-gates

capable of scaling down the complementary metal-oxide-semiconductor

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

Figure 1A illustrates a technique to induce strain in the

10 81 channel of a conventional bulk MOéFET 10 by growing an epitaxial
gilicon {8i) layer 22 on a relaxed gilicon-germanium (SiGe) largex
overlying a silicon substrate 16. Relaxed SiGe layer 12 has a
larger lattice constant compared Co 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. 1In the bulk MOSFET
10, both hole and alesctyron mobilities are enhanced in the 8i layer

under biaxial tensile strain.

Figure 2 illustrates a perspective view of a preasent

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



10 Gven this range of thickness for tom it is difficult and inpractical
to fabricate a strained fin conprising of nmultiple- |ayers of

sem conductors 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 nulta pl e-gate transistor structure
10. In addition, the device structure and orientation of the plane of the
i nversion sheet charge in a nultiple-gate transistor is significantly

different from,that, of,t cqonventional bul k MOSFET. The conventi onal
transistor has & c %n;n‘?él h&ﬁv%rlgfg SHEEF™ D0 thagend oYssriretdy frenear-y

pl ane, whil e tihgul HieESisQhs t 44C ed | ed. by _t he_gat on the
sidewal I s of the mul ti@pl e- g%![t]agglﬂzf34 ?‘?ggs?slpgr Odcdf ﬁ?gu?ewﬁgﬁé ot i gﬂt ed in
the y-z pl ane.ovehisingegns 3t hatapbhacnabune §fceShididdct8aubled b0k, tne
enhancenent of carrier nobilities in a nmultiple-gate device may be

si gni ficantly TdPf fer efPe $3uHerhatn tsedotfonel hd ogoiw eniei omalcebtb I MOSFET. 5

The usefuk strai equired for nmohility ephancenent in a nmnultiple-gate
transistor is dgh%{/l%gd lﬁ%)‘(f .tqfi ﬁLfgé"e?A BhotE FAY cest& tPoixdinefenditat e

conduction bandvyaddseyss @b [8ha%ed 8i1 GO nardlf £} 8Gt LON. PORUL AL on
. . : b
di stributes equally anong the six . 532 P haRiize ne

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,e it i1a difficult and
impractical to fabricate a strained fin comprising of multiple-

_ layers of semiconducters 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

multiple-gate transistor atructure 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 sidewalls of the muliiple-gate



conduction band valleys. The net electrons notion in the channel 10 is in
the y direction. Therefore, as far as carrier transport is concerned, it
woul d be beneficial to lift the energy of conduction valleys wth higher
effective mass in the y direction. By reducing the population of electrons
in the valleys wth higher effective masg in the y-direction, as shown in
Figure 3B, carrier transport 15 may be inproved. This can be done by the
introduction of tensile strain in the y direction of fin 50, as
dlagrannatlcally |IIustrated in Figures 4A and 4B. The magnitude of
tensile strain " WRY"TEnge ¥r biFGeof tmt‘b"lf"’)&“‘ﬁﬁ1 dntthe prefrepred Brioriement |

the tensile st Rygagniiyde 0 0,1.9,2%. Tensile strain in the 20
y-direction is benefi C|ga!f‘I flb %Ql ec%qr 6ﬁe%n§$oﬁr@aﬁ%{%§‘ﬁo?f PH*ehe
y-direction. luwbaddiidsomn aﬁmrl§§@g\éee$iteﬁf§&@ m!ap }:Ieh&g%l}?canqll{} QeEEARLES al so
beneficial for hole transport, and this can also be used for the P-channel
mul tipl e-gate @%%m%h%%éﬁ%diiﬁetb@npnegsnveaB&makn€$FEhanneI fin 60 is

illustrated in Figure 5A and SB. The nmagni tude of conpressive strain may
range 5 from0.01%to 2% In the preferred enmbodi ment, the conpressive

o crere S8 onboat oo EAE BRI S 1 BaRtn
multiple-gate tranagistor 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 cransport is
concerned, it would be beneficial to lift the energy of conduction
valleys with higher effective mass in the v 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
strain in the y directien of fin 80, as diagrammatically
illustrated in Figures 4A and 4B. The magnitude of tensile astrain
may range from 0.01% to 2%. In che 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-



shown in Figure 6 further illustrating the thin filmlayer 48. A plane
view of a present invention alternate enbodi nent 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 nethod fortsthe manufacture of the present
invention nultiple-gate transistors with tensile or conpressive strain in
the 1is channel region is now descri bed. The strain may have a conponent in
t he source to raltnion {S C. An effective way to induce strain in the

fin-like structure s ﬁ%é’ﬁ?ﬁf%’?i@:‘t he frhe \Rnrtaﬁ"”?&rthlﬁﬁ Ctitesd #APR film
material aften.gai& ebecll Ogeckta(?ﬁgﬁtrﬁqul%géqgaté Ig}aﬁy{sftggg in contact with a

hi gh-stress--thin filmmterial wl nder ress as well. Due to the
| arge difference in thermal 16 expansion coefficient and Young's nodul us
between the fin and the thin film significant stress of several hundred
MPa to nore than 1 ng’eca‘i’f“ﬁﬁ’@sﬁ%‘fﬁjﬁéé@fh@ﬁ qhent] fin Fheist hldustidradmat eri al

may be a diel r uc 5 S|I|con njtride or silicon oxynitride
deposi ted by ?g%?%eus?irre H68s T e "GP Hg Ehhi CAPTHRHIP HeBosi 1102299 t he

\tM_ hltR Ilhlam; mat @ebalo. hhats has axh%ﬁ‘é SRSEPRls SXBARNSLAP, Cg! LLEL&NL; gopar ed
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 € further illustrating the thin film layer 48. A
plane view of a present invention alternate embodiment device 70,

10 which further incoxporates 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 channal region is now described. The strain may have a componant
in the source to drain direction. An effective way to induce
strain in the fin-iike 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-stress-thinr film material will

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



fin mterial, the part of the fin experiences conpressive stress. |If the
thin filmmaterial has a higher thermal expansion 10 coefficient conpared
with the fin material, the part of the fin experiences tensile stress. As
an exanpl e, plasnma-enhanced chem cal vapor deposited silicon nitride can
be used to introduce tensile or conpressiine stress in the channel region,
The residual filmstress inpacts the 15 strain conponents in the channel.
The residual filmstress can be tailored froma high state of tension, for

ool chiomet 11 & ahliean..MaLide, 1a one.ol cammresslon, for ol Lconcrch

films. The tensile or conpre55|ve nat

region 17 cancriRes 8for 8: 48 radhnistsededy o\éaéawe%l PLOGESS »ﬁognéjd LLohs pgHch a

tenperature, pressure, and the ratio of the flow rate of as precursor gas,
e.g., dichlorodsicPanen be phduted ahn gﬁsfﬁhOM/rate. Table I shows the therm
expansion coefficient a and 5 Young's nodulus B of other thin film

materials that may be chosen. In addition, the thernal expansi on
coefficient and Young's gul us f silican dioxi be varled by the
choi ce of the doping na efia st@hcatgs 3eﬂﬁ§ni r?ﬁ%l 5W°Fe¥?actory

metals, asd a@lis@cddy ni e qdopi NG 1¢eNs bl % r98e td%ﬁ@@lﬂmt & 'v@L?cus 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.

If 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 compreassive
stxess 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

nitride, to one of compression, for silicon-rich £ilwms. The

tensile or compressive nature of the strain in the channel region



10 Table I a(K ') E(GPa) Zirconiumoxide 11.1E-6 200 Steatite (MOS O2)
8.0E-6 - Alum numoxide 7.7E-6 390 15 Alum numnitride 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 nultiple-gate transistor is shomwn in Figures 8A-10E. Figures
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. 18 Referring
now to Fi gures. A OA whereiin a silicon-on- insulator substrates 34
are used to f%?%]gﬁgé%%%gf%%sa S6ht Re TBUFTRAPTKTER. CFHAtEY @5RP fRns 32
are patterned ceapsighcae £t phedisk, GAOL cROOWN;o The @lchmgsk pRy £o0Qprise
of a material commonly 5 used for nasking an etch process, such as

phot or esi st, ¢irePecier oxd.de,gsi ldichowmist Lirde, tetihe kocdihgaprrebersed .

enbodi ment, the etch
Table I shows the thermal expansion coefficient o and
5 Young's modulus B of other thin film materials that may be chosen.
In addition, the thermal expansion coefficient and Young's medulus
of silicon dioxide may be wvaried 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
o (K1) E (GPa}

Zirconium oxide 11.1E-6 200
Steatite (Mg0S8io2) 8.0E-6 -
Aluminum oxide 7.7E-6 390

15 Aluminum nitride 5.1E-6 380
Silicen carbide 4.3E-6 400
Silicon nitride 2.8E-8 to 3.8E-8 308
Silicon 2.0B-§ 156
5ilicon dioxide 5.0E-7 -

20 The process for fabricating the present invention

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

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



mask is silicon oxide. The silicon fin surface may be snoothened to

i nprove 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
anbient), The surface snmoothing of the fit®8 sidewalls 44, 46 contributes to
t he achi evenent of good carrier nobilities and good gate oxide
reliability. This is followed 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 eSGAEEF " POEL UF & 6RER the S@aﬁﬁde}%’tﬁhﬁa"e‘f{%@ ( SHOWFFPIA"Fi gur es

8D-85) s 'fored aneaghy of. Lhe S uo sideval | 5 4., 46 as mell ps the. top

surface 58 of e burt ed oxrde un e siTicon y be

under cut or naetebed oksddg B 6t Cibcpr OGRS a¥@lp°atlt§rr%a0M\§hdgnaz2QtEﬂl guEe 11,
in an alternate enbodi nent, wherein an undercut area 92 is shown. The etch

process may be(natpﬁﬂaﬁsvﬁh et”r‘,*tf'- [0l ewEskomag mrle@cﬂf pr esessialiscomgnodiLy ut e
hydrofluoglc aC|g he under%uttln or notching of the substrate

i nsul ating | ay&r®s %r{%f‘é%{rw i 195 §F1°'fe€8n FP‘FPB"?" FAPPHAEE L AR f BDHHEPT on of
an onega- shaped; gat gmeao%cﬁr&qge?»%t@s %Eoem M&E §§%°8aﬁ“§5i hlﬁé%téﬁature

all ows additional capacitive coupling between t e channe
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 £in 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
sidewalls 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~BE) is
formed on sach of the two gidewalls 44, 46 as well as. the top
surface 58 of the fin. The buried oxide under the silicon fin 32
may be undercut or netched using an etch process. This is shown in
20 Figure 11, in an alternate embodiment, wherein an undercut area 92
is shown. The etch process may be a plasma etch process or a wet

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



5 underneath the fin, and the structure thus enul ates a wap-around gate
but avoids the process difficulties associated with the inplenentation of
t he conventional wrap-around structure, The preceding description
conpletes the fin formati on process. The process is then followed by the
gate dielectric layer 10 38 shown in Figwres BE, 9B and 10B. The gate
dielectric layer 38 may be fornmed by thermal oxidation, chem cal vapor
deposition, sputtering, etc. In general, the thickness of the gate
dielectric may be different on the sidewall 44, 46 of the fin and the top
58 of the fiRT¥3PPbieifi A oftEhe2tediinbrréref lave ghat errdpelweotr fiee 15
formation, the, i.electri.c thigckness on.the fin top may be _thinner
than the thi cghgl?s"‘%ogfllgh?fia&q&i”ﬁe FI IOFGRE Shboli MERE2 SHERES g8t

di el ectric thecknesseomzthe tRpursuif acguels thegkin ig;hessacddan 204 The
gate dielectric may conprise of a conventional - material such as silicon
di oxi de or si kiidicdonxly mapattielwe tchupl 2@ bhioknesse rgng Agdf tlomdAnta | 00A,
preferably 10A or less. The gate dielectric may al so conprise of high
permtti vﬁy ty ERPRERSN S0 Mot epndl thes GEFCAYT| NP mMloketle RIZD-aroutaf ni um
e on 97T G M OXLES L OTrodd ! BTSN (2L 0L SN 08 BB

implementation of the conventional wrap-around structure. The

breceding description completes the fin formation proceas.

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 wvapor deposition,
sputtering, etc. In general, the thickness of the gate dielectric

may be different on the sidewall 44, 46 of the fin and the top 58

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

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

the gate diele_ctric thicknesas on the top surface of the fin is less

rhan zoA. The gate dielectric 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-Xk)



Next, the gate material is deposited and forned into a 5 gate el ectrode
36. This is shown in Figure 8C. The gate material may be

pol ycrystalline-silicon (poly-Si), poly-crystalline silicon- gernmani um
(poly-SiGe), a refractory nmetal such as nol ybdenum and tungsten, conpounds
such as titaniumnitride, or other condueping nmaterials. Inplants known as
work function inplants may be 10 introduced in the gate to alter the work
function of the electrode. A gate mask is defined and the underlying gate
material is etched to formthe gate el ectrode, The gate etch stops on the
gate diel ect P aRE FHEN gdtte FS™ePELt PIEH | §4°sol AERY UPr Giifhe HEC:

transi stor st e by, ate.dielectric. ln th eferre 5
broodi pent, RS G W b0 00 Bs 8 BCEE e bl RLSCRbEheteen o

oxynitride. Ayi-ASHRs &lah14EiRgsichH@ri ne 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 wth a tall fin and
aggressively scal ed gate oxide thickness. 20 After the definition of the

gate, the masking nmat é¥Fhl i peibvedersE ihderdsihed yadoperradr &R ELDD) or
SoureelanEL" SHERLANIS Le AL, DRtk Tkl U0t B Qucen 8095
i npl ant ati on may be polycrystalline-silicon (poly-Si), poly-crystalline silicon-
germaniuvm (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 mesk 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 1s electrically isolated from the
transistor structure by the gate dielectriec., In the preferved
15 embodiment, the gate material is poly-Si and the gate oxide is
ailicon axynitride, A plasma etch using chlorine and bromine
chemistry may be uged to achieve a high etch selectivity in excess
6f 2000. A high etcch selectivicy is critcical 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.



(PI1T), or other techniques knowmn and used in the art. Next, a 5 spacer is
formed on the sidewalls of the gate and the channel by deposition 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 silicon nitride/silicon
oxi de conposite. 10 After the spacer formation, source and drain regions
are doped by ion inplantation, PIIl, gas or solid source diffusion, or any

ot her techni ques known and u he art. Anpy inplant damage or
anor phi zati on can be anfie l%ﬁﬁ?hﬂ8ﬁ§%‘¥ﬁb§eﬁﬁght ﬁﬁﬁ%ﬁ?érﬁﬁ‘eéTﬂvaP%d

tenperatures. ;Ehesrfshsh aikof e sQuLcsangd draily Gang %ﬁg o nf,egguced

by strapping the source/drain with a conductlve naterla iIs C

achi eved by sekhiatddgmedisi | inpildet{sialni, cbledna pPheEQESSH Qtn{pe&ntféeﬁaxh
poly-Si, or by epitaxial silicon deposition. The conductive material may
be fornmed on dSFE“th@rt aﬁieroﬁeslﬁe‘-quraﬁ krowpelahd assethén siigewat | s Nefxtt he fin.

In th f th t t | . util i k
ST oo, So5 RERAOHE PPl et B RS O e o et e ThEtePRhown
in Figures BEdechsﬁanlglﬁi dhe thin ét!c!h%g8ofmyhehas§nectcgr &me%g§ss ‘Bﬂe

bet ween 50A and | cooA. A heavily doped solurce re
spacer material may comprise of a dielectric material such as

gilicon 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 gxposure 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-8i, or by epitaxial sgilicoen
deposition. The conductive materxial may be formed on both the top

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

20 embodiment, the conductive material utilized is nickel gilicide.



78 is also shown in Figure 10E. In the preferred enbodinent, the 5 thin
filmmterial is silicon nitride with a thickness of about 600A. The thin
filmmaterial introduces significant strain in the channel region of the
mul tiple-gate transistor. In one enbodinent, a thin filmmterial is

sel ected such that the strain in the chamel in the nultiple-gate

transi stor of Figures 4A and 4B has a 10 tensile conponent in the
source-to-drain direction for enhancenent of the electron as well as hole
nmobilities. In another ggd iment, athin filmmaterial is selected such

that the strainis in?t SHREE. PO UFATR R recER TN AR ERAanc@rBnt® of t he
electron as wehluy as, Rabe PO | bk e2nq Ifhest] bl Al %h%gﬁﬁ"?@%ageﬂayea thin

film15 material is sel écted suc at the strainin

t ransi st or |stnnﬂpmessﬂwee@a&nSMﬁM@n&moﬁbgur@ﬁhéﬁniﬁkkgédsﬁﬂ@a@Qﬂaﬁﬂ{ of
hole nobility. The high-stress thin filmnmaterial my be patterned, and
anot her hi gh- ¢8 rje%s?lﬁ%ttséltoiﬂallfhﬁyg% déﬁosﬂtﬂedﬁe soefdraed cérdwdékentni tie

di fferent strgh n éncoiporat d on %% er PaSS|vat|on
contact et ch, 2%1 za ion“are® ti ﬁCO%éPF5P d”ﬁgeﬁoHV€ﬁPF%ﬁéi 8P Hods t o
conpl ete the @I@(VA Ce8he 231n Wl'l‘n%étlgglﬁ @.g %duc@yeﬂﬁhgﬂvz@ﬁ@ Asee, q]%sgtgl bed in

an illustrative manner, it should be understood that the termno
channel region of the multiple-gate transistor. In one embodiment,

a thin film material is selected 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
as hole mobilities. In still another embodiment, a thin film
15 material is selected such that the strain in the p-channel
transistor is compressive {as shown in Figures 5A~5B)for
-enhancement of hole mobility. The high-gtress thin film material
may be patterned, and anothex high-atress material may he deposited
S0 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.



used is intended to be in a nature of words of description rather than of
limtation. 5 Furthernore, while the present invention has been described
internms of a preferred and alternate enbodinents, it is to be appreciated
that those skilled in the art will readily apply these teachings to other
possi bl e variations of the inventions. The enbodi nent of the invention in
whi ch an exclusive 10 property or privilege is clainmed are defined as
follows. 24 CLAIMS: 1. A nultiple-gate sem conductor structure conprising:
a substrate; a fin forned of a sem -conducting nmaterial having a top
surface and two sidewal P SsUPfalBEerSaitdVFiTicgubrectisd 65 eraih oF at

| east 0. 01 % and.hielng, psiiloned yerhicallyaon. sahd., subst rate: source and
drai n regions formed in sal sem-con&uc I ng materral of “Said 111 Wih said
fin bridgingueverissahee:SRUr €6 RANdn A &aBu LGk Oftsids o JAkec-Hi Rl 86 th Ged ayer
overlying said fin; and a gate el ectrode wapping around said fin on said
top surface afBi2Baifdlingasidenal | surfaces of said fin overlying said gate
dielectric layer; a layer of a thin filmoverlying said gate el ectrode,
said layer of said thin film

5 Furthermore, while the present invention has been
described in terms of a preferred and alternate embodiments, it is
to be appreciated that those skilled 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 fellows.



encapsul ating said fin on said top surface and said two sidewall surfaces,
and wherein said thin filmoverlays at |east partially said source and
drain regions. 2, The structure of claim1l, wherein said tin 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% 4. The
structure of claiml, wherein said sem -conducting material conprises
silicon. 5. The structure of claimlp4wherein said fin is rounded at the
top corners. 6. The structure of claim1l, wherein said gate dielectric

| ayer conpaisi€s silicon oxide. 7. The structure of claiml, wherein said
gate dielectric layer conprises silicon oxynitride. 25 8. The structure
of claiml, wherein said gate dielectric |ayer conprises a high
permttivity mater ixahuiget-eat @aidoh@Riol R CAFQURpSHYSI sting of La203, A 1,03,
Hf 02, HFON and ZrQ2. 9. The structure of claim§, wherein a relative
permittivity 8f'S%4 gate dielectric layer is at least 5 10. The
structure of elfiaifdindd ofhemptddsdgmgaiehdiglaass Jutfecelaay ¥ shid®aia t hi ckness
between 3 A a S claim.1, wherejn said gate

di el ect r is%rt’alc%?;sgalldl lﬁrgsgﬁj ct{# tf)f‘-érﬁ?agﬁ? ali H:gstt HBF%?{Ld being positioned vertically on said
substrate;

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

a layer of a thin film overlying said gate clectrode, said layer of said thin film
encapsulating said fin on said top surface and said two sidewall surfaces, and wherein said thin

film overlays at least partially said source and drain regions.

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%.

4, The structure of claim [, wherein said semi~conducting material comprises
silicor.

5. The structure of claim 1, wherein said fin is rounded at the top corners.

6. The structure of claim I, wherein said gate dielectric layer comprises silicon
oxide.

7. The structure of claim 1, wherein said gate dielectric layer comprises silicon

oxynitride,



t hi ckness on said two sidewall surfaces and said top surface of the fin.
12. The structure of claiml, wherein said gate dielectric |ayer has a
first thickness on the top surface of the fin and a second thickness on
the sidewal |l surfaces of the fin, said first thickness being smaller than
sai d second thickness. 13. The structure of claim1l1, wherein said gate
dielectric layer has a thickness of less than 20 A on the top surface of
the fin. 14. The structure of claim bs wherein said gate el ectrode
conprises polycrystalline silicon. 15. The structure of claim1, wherein

sai d gate el eqt r odgCQRPRieSESROl, WRE¥SEAL LD icle§hl GO Bl BN #m 16. The
structure of claim1, wherein said gate electrode coggglses % 17. The

st ruct ur ety l‘hﬁ“ﬁ‘?‘lﬁl seifsisr dm eagreppsenpistiae efrld:@r AR g bYaN eadth Oc:-o npri ses
a |lightly doped or extension region. 18. The structure of claiml, wherein
sai d source a d drajn regions are straddled by a_  conductive naterlal such
as netal or |ICI h ¢ steygilire pgClaiyfia W BFFG@fﬂ?@CBP”EPﬁWﬁfT“dMﬁ%$@?ﬁ“bontacts
bet ween 3@&dm@ﬂ&ﬁt£|ectr0de and said source and drain regions are on at

| east one of the sidewall surfaces and on the top surface of the fin. 20,
The structure of claim1l, wherein said thin filmlayer has a thickness
rangi ng between SQhostatidre bOABIMA, wherein said gate dielectric layer has a thickness

between 3 A and 100 A.

1L The structure of claim 1, wherein said gate dielectric layer has a different

thickness on said two sidewal! surfaces and said top surface of the fin.
12. The structure of claim 1, wherein said gate dielectric layer has 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.

13. The structure of claim 1, wherein said gate dielectric layer has a thickness of less

than 20 A on the top surface of the fin,

14. The structure of claim 1, wherein said gate electrode comprises polycrystalline

silicon,

15. The structure of claim 1, wherein said gate electrode comprises polycrystalline

silicon germanium,
16. The structure of claim 1, wherein said gate electrode comprises metal.

17. The structure of claim 1, wherein said source and drain regions each comprises a

lightly doped or extension region.

18. The structure of elaim 1, wherein said source and drain regions are straddled by a

conductive material such as metal or silicide.



21. The structure of claim1l1l, wherein said thin filmlayer has a thickness
of 600 AL 22. The structure of claiml, wherein said thin filmlayer has a
t hi ckness rangi ng between 50 A and 1000 A 23. The structure of claim1,
wherein said thin filmlayer has a thickness of 600 AA. 24. A nultiple-gate
sem conductor structure conprising: a substrate having a depression in a
top surface, said depression conprises an undercut or a notch; a fin
formed of a sem -conducting material shaving a top surface and two sidewal |
surfaces, said fin being subjected to a strain of at |least 0.01% and being

posi ti oned very] calhy. bt APOSE: | B8R URRKASS] QD L0 RBLheLop,fur face of

the substrate; a gate di el ectric | ayer overlying sal a gate

el ectr odéowee?ﬁéﬁﬁ@ ragigg Atk osal dast pig ob e siderall stnisesind endie Itowuﬁﬁca@é@e said top
surface, ;gnd a bottom of a base of said fin; a layer ofa thin film
overlying said gate el ectrode, said | ayer of said thin film encapsul ating
said fin on said top surface and said two sidewall surfaces, and wherein

said thin fibm ovend aysurtorbigigst, wRatihisad lh S 15heSRME afckARd rAERL N egi ons.
25. The net hod cl aj 24, wherein said fin is under tensile strain in the

sour ce- t GSMAFRI0 W& M on. 26. The nethod of claim 25, wherein a magnitude
of said strain is between 0.01 %and 2% 27 27. The nethod of claim 24,

wherein said sem -conducting naterial conprises
21 The structure of claim 1, wherein said thin film layer has a thickness of 600 A.

22. ‘The structure of claim 1, wherein said thin filim layer has a thickness ranging
between 50 A and 1000 A,

23. The structure of ¢laim |, wherein satd thin {ilm layer has a thickness of 600 A

24. A muitiple-gate semiconductor structure comprising:

a substrate having a depression in a top surface, said 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 subjected to a strain of at least 0.01% and being positioned vertically
Jjuxtapose to said depression in said top surface of the substrate;

a gate dielectric layer overlying said fin; and a gate clectrode wrapping around said fin on
said two sidewall surfaces, said top surface, and a bottom of a base of said fin;

a layer of a thin film overlying said gate electrode, said layer of said thin film
encapsulating said fin on said top surface and said two sidewall surfaces, and wherein said thin

film overlays at least partially said source and drain regions.

25. The method of claim 24, wherein said fin is under tensile strain in the source-to-

drain direction.

26. The method of claim 25, wherein a magnitude of said strain is between 0,01% and
2%.



silicon. 28. The nethod of claim 24, wherein said fin is rounded at the top
corners. 29. The nethod of claim 24, wherein said gate dielectric |ayer
conprises silicon oxide. 30. The structure of claim 24, wherein said gate
dielectric layer conprises silicon oxynitride. 31. The structure of claim
24, wherein said gate dielectric |layer conprises a high permttivity
material selected fromthe group consisting of La203, A1203, H O, Hf ON and
Zr02. 32. The structure of claim24,;wherein a relative permttivity of
said gate dielectric layer is at least 5 33. The structure of claim 24,
V\'her e' n Sal d Qat € qlhcelhﬁﬁédrdfglain@ (Nhg‘@'iﬁ Sgdgw %51%(?@1 I\f% l‘c’iﬁ%l@lpﬁseé and 100 A.
34. The structure of claim2 ereln sald gate e tric’'l'ayer has a

di f f er entilicphi ckness on said S|demall surfaces and said top surface of the
fin. 35. The structure of claim 24, wherein said gate dielectric |ayer has
a first thickness _on the top surface of the fin and a second thickness on
the sidewal | §§rfa@@%mﬁ?“¥ﬁémW?%’“@%PHS$¢F%ﬁfmﬁﬁﬁbkﬂﬁ§§”%@ﬁﬁg smal | er than
sai d second thickness. 36. The structure of claim 24, wherein said gate
dlelectrlc | a h thi ckness of |ess than 20 A on the top surface of
the fin. ¥§e s?ﬁ‘ﬂ&‘fttﬂdé’ Felpined4aivisron saidysss At lpetidclpygr guprsisaisBiee ode

conpriseahmalycrystalI|ne silicon.

30. The structure of claim 24, wherein said gate dielectric layer comprises silicon
oxynitride.
31 The structure of claim 24, wherein said gate dielectric layer comprises a high

permittivity material selected from the group consisting of La,0s, AL O, HfO,, HON and ZrO,.

32. The structure of claim 24, wherein a relative permittivity of said gate dielectric

layer is at least 3.

33. The structure of claim 24, wherein said gate dielectric layer has a thickness

between 3 A and 100 A.

34. The structure of claim 24, wherein said gate dielectric layer has a different

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

35. The structure of claim 24, wherein said pate dielectric layer has 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.

36. The structure of claim 24, wherein said gate dielectric layer has a thickness of

less than 20 A on the top surface of the fin.

37. The structure of claim 24, wherein said gate electrode comprises polycrystaliine

silicon.



28 38. The structure of claim 24, wherein said gate el ectrode conprises
polycrystalline silicon germanium 39. The structure of claim?24, wherein
said gate el ectrode conprises a netal. 40. The structure of claim 24,
wherein said source and drain regions each conprises a lightly doped or
extension region. 41. The structure of claim 24, wherein said source and
drain regions are straddled by a conductive material such as netal or
silicide. 42. The structure of clai mg4, wherein contacts between said gate
el ectrode and said source and drain regions are on said sidewall surfaces
and said top sgrfagg Of (& kbl 2423neren] R uﬁ%egmug&p k -I(-)II)BIRE&WE

TRANSI STOR ABSTRACT OF THE DI SCLOSURE A nfftlple-gate sem corduct or

st ruct ur éilicen gimaaitised which includes a substrate, a fin forned of a

sem -conducting material that has a top surface and two sidewal |l surfaces.
The fin 5 is subjected to a strain of at |east 0.01% and is positioned
vertically onthe $lbdstaes! claigudie whemipsadt ateslscuefesA8PHsst higelali n t he

sem -conducting nmaterial of the fin; a gate dielectric |layer overlying the
e on R Sobf oL BP0 SBRAP A SU i b el Bl ace ane

a lightly doped or extension region.

41. The structure of claim 24, wherein said source and drain regions are straddled by

a conductive material such as metal or silicide.

42, The structure of claim 24, wherein contacts between said gate electrode and said

source and drain regions are on said sidewall surfaces and said top surface of the fin.



10 the gate dielectric layer. A method for formng the nultiple-gate

sem conduct or

10

structure is further disclosed. FIG 2
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STRAINED-CHANNEL MULTIPLE-GATE TRANSISTOR

ABSTRACT OF THE DISCLOESURE

A multiple-gate semiconductor structure is disclosed
which includes a substrate, a fin formed of a semi-conducting
material that has a top surface and two sidewall surfaces. The fin
is subjected to a strain of at least 0.01% and is positioned
vertically on the substrate; source and drain regions formed in the
semi-conducting material of the Ffin; a gate dielectric layer
overlying the fin; and a gate electrode wrapping around the fin aon
the top surface and the two sidewall surfaces of the fin overlying
the gate dielectric layer. A method for forming the multiple-gate

semiconductor structure is further disclosed.

FIG. 2



