WD 2008/ 121659 PCT/ US2008/ 058325 SEM CONDUCTCOR DEVI CE HAVI NG SELF- ALI GNED
EPI TAXI AL SOURCE AND DRAI N EXTENSI ONS Background | ncreased performance of
circuit devices on a substrate (e.g., integrated circuit (1C 5
transistors, resistors, capacitors, etc. on a sem conductor substrate) is

usual |y a Rpd SjoshAagdeor considered during design, nmanuf @¢trseues/egaghsoper ati on
of those devices. For exanple, during design and manufacture or formng

of , metal oxide sem conductor (MOS) transistor sem conductor devices, such

as those usednidbRDEETOEDENVICEHARING SPXFICLIGDD EPITASIAL SODREE, it is
often desired to increase novagpHRAN EXEENSAMSsI N N-type 10 MOS device

(NMOS) channel regions and to increase novenent of positive charged hol es
in P-type MOXS device (PMXS) channeBagiggh@as. One nethod of reducing the
overall resistance of a MOS device is to dope the area between the

source/drain regions a t he channel, regi on, kpnown as. the tip regions of a
MOS devi ce. Fo n%ququgﬁ&gtrnagcm%gﬁw?ﬂgwggnﬁﬁgﬁasg?{ﬁ écdg'i]ﬂcg'f%edscgrﬁ?lggp rain
regi ong an@n@fiors xc 8RS adapiyrshec Gararseattodlictdr sutdiritb)is asuallg adapant t owar ds
t he channel region. dﬁglc,ause_an in‘yfjant %gd di f_fusfj on Het.hod i s used, the
abi lity t AEEPROForgtflings Aangn MEBHadHE BB UMPLIRRGLFEHST T i mi t ed.

Furt her no reﬁamﬁl@,@iuﬁh% 8os@hn 408 ARhuRehicor frmi M etk e@cmidsducas (MDS)

t hi ckness of its offset spacers, can al so have a %reat i npact ,on the

| ocat i on dRNEHEr EMFOPAsKEYicsy fuchps thatedised 1 agmRCTERPRCTEE Heeabi ity of
the tip reghRBMkRr AOVORBX i 8RerARRRE to GRAGSIb At Ao AN 6 N-Rpe cl ose

proximty of the channel region. Accordingly, inproved nethods or

st r uctl@r eMQP deviest IO channet regings pirto [inargasempPymeenbef PositiNg elvesedhglest i p
regi ons. %{Fg@gg%%é@@é)&%egﬁ%pgs Figure 1A illustrates a
a S

conventi ona evi ce includeS source and drain tip 25 regions.
Figure 1B illustrates a MOS device that includes source and drain epitaxial

extensi ons. Fi §ug grcthed of redugingthe gverethresisaeerof pRieR Aedss s iepeha®@ et chi ng
of epi t aXiy@hyee Ml 8OHEOMIinALgiBnd e tlQRLERI refion, known as the tip regions of a

MOS device. For instance, a dopant may be implanted in the source/drain regions and an

15  anneal may be carried out to diffuse the dopant towards the channel region.

Because an implant and diffusion method is used, the ability to control the dopant
concentration and location is limited. Furthermore, the size of other parts of a MOS
device, such as the thickness of its offsct spacers, can also have a great impact on the
location of the tip regions. All of this, in turn, affects the ability of the tip regions to

20  maximizc dopant concentration and come into close proximity of the channel region.
Accordingly, improved methods or structures are needed to overcome the limitations of

conventional tip regions.
Brief Description of the Drawings

Figure 1A illustrates a conventional MOS device that includes source and drain tip

25  regions.

Figure 1B illustrates a MOS device that includes source and drain epitaxial

extensions.

Figure 1C illustrates how spacer thickness impacts the etching of epitaxial

extensions of a MOS device,



WD 2008/ 121659 PCT/ US2008/ 058325 Figure 1D is a graph illustrating the
dependence of UC-to-UC di stance on spacer thickness. Figure 2 is a nethod
of form ng source and drain epitaxial extensions in accordance with an
i npl ementation of the invention. 5 Figures 3Ato 31 illustrate structures
that are f ovoewsmhien carrying out the nmethod of Figureciruskiogussszsd is a
graph illustrating how the UC-to-UC di stance of a MOS device forned in
accordance with an inplenentation of the invention is | ess dependent on
spacer thi cknesgure 10 i{egrapt wdstheiag tHeflepdidelde 9€ UChedhek@hdt darspacsy st ens and
met hods of formng epitaxial source and drain extensions in a MOS devi ce.
In the fol 61\590% description, various aspects of the illustrative
i npl enentations will be descri bed usi ng terns conmonly enpl oyed by those
skilled in theFiguie 2 (s coaiayoltfenisgbsiranae dofn épiakial avdhkiotoinot hers skill ed
wever, i arent to those skilled in the art

n the art
!that t he 6F?§€aﬁfe\”ﬁk‘/@hlni‘pg‘ﬂnwoﬁé’?thﬁg YéPi¥ed with only sone of the

descri bed aspects. For purposes of explanation, specific nunbers,

materi 8l s and FigukesPi @tIlohsirae etrsmired thatddne folrmaidmn dagying oui tﬁemathbdhor ough
under st andi E}%ﬁlof the illustrative inplenentations. However, it will be
appar ent tg ¢%skilled in the art that the present invention may be
practiced without the specific details. 20 In other instances, well-known
features are oiﬁ‘iguredimgrsﬂhiﬂhétﬂaiim@lhdvmtmmto -HotdigamcobScMIOS devive

illustratiwyve i ntat| rio ations w

mul £ o o v s 28 e FREBrRE i Rinefiio R Bh St R B s B end BRSPS o i i
under st andhitighekhe present invention, hovvever, the order of description
shoul d not be construed to inply that these operations are necessarily

or der 85 dependent. In parti cul étdl 5%§eecr§79er ations need not be perforned
in the order of presentation. s Sﬁground a conventional netal
oxi de sem conduct or (MOS) tran5| stor includes source and drain "tip

regi ons" that é)ﬁmibefkhegﬁedietswstdesmehseh@ds@f Grming dpitaxidspwramskdrgf t he

transi stol, WALLS il FRIGY bD%S ROME rERANNShesEh 08 ariol G5 & diitnd €91 ONs are 2

illustrative implementations will be described using terms commonty employed by those
skilled in the art to convey the substance of their work to others skilled in the art.

15 However, it will be apparent to those skilled in the art that the present invention may be
practiced with only some of the described aspects. For purposes of explanation, specific
numbers, materials and configurations are set forth in order to provide a thorough
understanding of the illustrative implementations. However, it will be apparent to one
skilled in the art that the present invention may be practiced without the specific details.

20  In other instances, well-known features are omitted or simplified in order not to obscure

the illustrative implementations.

Various operations will be described as multiple discrete operations, in turn, in a
manner that is most helpful in understanding the present invention, however, the order of
description should not be construed to imply that these operations are necessarily order

25  dependent. In particular, these operations need not be performed in the order of

presentation,

By way of background, a conventional metal oxide semiconductor (MOS)
transistor includes source and drain “tip regions” that are designed to decrease the overall

resistance of the transistor while improving short channel effects. These tip regions are



WD 2008/ 121659 PCT/ US2008/ 058325 portions of the substrate where a dopant
such as boron or carbon is inplanted using an inplant and diffusion

techni que. The source tip region is forned in the area between the source
region and the channel region. Likewise, the drain tip regionis formed in

the area hepveemkfre drain region and the channel regirausidigoissss regi ons
mnimally underdiffuse 5 the gate dielectric |layer of the transistor.

Figure Aillustrates a conventional MOS transistor 100A forned on a
substr at e pokfdds offiie s\HRktE &hE8 8idepant 1haAB Borbh 6r €lEIinNs QPG ukihg adr e
typically . for med by either _inplanting dopants such as boron into the

substrat e '®P aﬁyanétdtfmswg t%CH@q% bersqrec HpEreimdhforagd indhs aet YetyesdiS ting a

silicon orgghd i fz,ﬂag@f %ﬂmﬂmre@a@rmbmsé\tgﬁa@msltpasgsoﬁtﬁ%omﬁdﬁ@ﬂhema10 atop a
channel region of the transistor 10 The gate stack 122 |ncI udes a

gate di elbstreen éle|dav@regm@néﬂ@ charglakr@gr@ne&wwg@emmlwdb}i ywdgrdiffsacers 108
are formeqh @&ﬁ@%tfl&%gcrlﬁﬂlcqﬁﬁl%bt&t ack 122. As is known in the art, the

spacers 108 genera reat€ a di stance of about 10 to 20 nanoneters (nm
bet ween the edges of the gate dielectric layer 106 and the edges of each

15 of the sour EuENd dusiraesaagnisngonal §1QS vransisior il Q04 farpedh op P\F‘ébsg'f}ace that a

source tipQoseghoBuil re%%naﬂ@ aﬁd@fe@rﬁn?égﬁbnﬁqg'a 5&&% sedliRrdmg. The tip
regions 11 OA/112A overlap the spacers an overI ap or underdiffuse

the gate dmella@mgrdO@am&gz@h a&bmowttathaﬁ'shSWQQrwetchl@&@ﬁ@ﬁéﬁa@@%wn The source
tip reglo r I ated 20
usi ng irrpl nt gﬁd’%g&tgﬂgg%{?@{lgﬁ Fﬁ‘%& es ﬁéﬁéﬂa gsbgﬁgagciq{lslz?rlr{aﬁgrﬁ%ﬁd into
t he sddr cetapegihemel £godndAe of the trarsisitay lloé-gl dhe ﬁﬂ@staﬁo@am%utiehag&tﬁay be used

i ncl ude, %%tlec%gcela)ﬂegtw%rm ‘i’eél?ctraggs’?dap% nﬁﬁ §tes§b&rs @%OF@{’% Efa&&ﬁ%‘or ous,

i ndium or ant m to 1 x 1016
atorrs/crrBtheTgaEQtarckriéﬁstor 100A i's then anneal ed to cause the dopant to
di ffuse towards the channel region 120. Angled ion inplantation techniques

25 may al so be ,ysadotLQ irgg%taaﬁ e %pﬁglﬁ@‘ﬁ%?ﬁ gcgl/@%pgﬁreia@ta%isttatﬁgé? %}a?@ﬁ) Bebween the

gate dlelectrlc ayer sour I'n regions
Unf or t unamehgmetas (nmix)lblet\atnen tkemdgasioi dd gta;c cticﬁtméc eferdRb kihd the edgee obigach t he

shape 1?1;1 etorgglgéiglfr ¢ % rau(%1 Ir]e&u{nﬁ 1(1)/ 1 ilzzﬁ’t hs: g}i hxs 8 chghat Q%o&?ﬁpﬁ&ﬂﬁeﬁ OBenet rate

bel ow conce ent o t p regions
11 QA 112A104endh brathetperegiont 1N ark Herntbdf fmsnpregaﬁs pi@petA ewrlap tiche dopant
In the s ”?SJaErastz‘Ss (} I%I?;.)IZ gverla;'az 8rr unldgz%gf?use e g}apcedlc(::lgcr‘gr(fg Q%ralb% 8y a(a}csta%gg o

less than 10 nm.

The source tip region 110A and the drain tip region 112A are generally fabricated
20  using implant and diffusion techniques. First, a dopant is implanted into the source region
110 and the drain region 112. Dopants that may be used include, but are not limited to,
boron, arsenic, germanium, phosphorous, indium, or antimony. The dopant dosage may
range from 110" to 1x10'® atoms/cm®. The transistor 100A is then anncaled to cause the
dopant to diffuse towards the channel region 120. Angled jon implantation techniques
25  may also be used to further implant dopants into those areas between the gate dielectric

layer 106 and the source/drain regions 110/112.

Unfortunately, as will be recognized by those of skill in the art, the shape of the tip
regions 110A/112A, the distance the dopants penetrate below the spacers 108, and the
concentration gradient of the tip regions 110A/112A are all dependent on the diffusion

30 properties of the dopant in the substrate material. For instance, the concentration of the tip

regions will be high proximate to the source/drain region 110/112 and low proximate to

3



regions will be high proximate to the source/drain region 110/ 112 and | ow
proximate to 3 WD 2008/ 121659 PCT/ US2008/ 058325 the channel region 120.

Al t hough highly desired, it is nearly inpossible to nake the dopant
concentration proximate to the channel region 120 very high w thout driving
t he dopantwontos/itfs® channel regi on 120. Furthernore, tdw/sowsosssand drain
regions 110/ 112 cannot be noved closer to the channel region 120 because

t he dopant may again be driven 5 into the channel region 120. This limts
hﬁw cl Iose th@&laﬁﬁﬁ.zllg@g&)rﬁm. gkﬂtabﬁghﬁ@@ilp&b%irécﬂ,ﬁ/iéﬂ%rly@t@%bsbieleft@frﬁ‘ﬁdtl ht:(r)] t he )
channel region 120, thereby constrai ning how far t te |length may e
scal ed doviYPHECORACRITEIRN PIOaste E&’tté‘écafﬁﬁn‘il W vmﬁ}% U ESTE BOE £ or ned

on a substdopir ink®he cHEndDIcSiONN2® ARG cEon, fhe BfceBSd @BW regibitingn 12 han
i npl anting and_diffusing a dopant under. 10 the spacers 108 to formtip

regions, tHEAVEBTOVEHIPST Grthe gomrnahssgiondsl brurchie depretmbPeain W e sour ce
regi on 511Qn@n%k éh@&equééldﬁ 1PBITRA 11%11@ héw cR¥ BRdoRE! AW dthiercaRA¢ e1911208 and
a

the gate dielectric yer 106. The portions of the source/drain regions
110/ 112 t Ha% befarapdito thophsingl FreiagpiROcthereo@naranipg ey fa dha getelenath megs a
source extgnshigniWi0B and a drain extension 112B. The source and drain

extensions 11013/ 112B replace the | ess desirable tip 15 regions 110A/ 1 12A

described in Figure | A The soqurce/drain regions 110/112 and the
source/ drai n eXi®s]BHEstaterrimprogeMOS tragpigier LGB fofrasd i suhErasu et r at e,

uhi ch | nlylgSolBORilih -Berklif SRAGRE San BfladdiEAng ERALAXE AbJak gie0SI Ling

silicon or srlicon germanium material. The sourCe and drain” extensions
110E/ 1102B the waedie B to fernt iy feeigns. theteS sanwster WEBsesanapdeeut b tsour ce and

20 drain rggi,q / 1100 6 1176 ; OVEL Ao AL f 1% 9RESS

st eps. The g%ul%ésgaécgé ralzyrr%hg%eéing#geggmllgg%é@ bI:?1]05oﬂ?c;g%i\e‘fqde further

advant ageghogate ditlaetris SayecH)6d The portipns of thegioores/diain ©gjond DIA/11Rdhat extsednce,

unli ke co i | ti i0ns, | j source/drain

ext enai onCU PTG b 1 (e AR hlE' RS SHENRNHI i Bla 635 °P\

i ncr eases cgteegon bI2Bnoblielsbarye anldirdihextedsiome 1d@R1 23 eplacetic dadaseablatip he

channel.. 25 .Anot her vant.age. i.s th the interface between the

sour ce/dr Si nd the substrate material 102 that
S e Rt T A W i al h

fornms the channel region 120 is abrupt. On one side of the interface is

t he epitaxi al | Yheleposidrad refaped 18/ 11 aunhasmneridadin axtansoms i HEB/btdare si de of

528 ! [I]'Flle; ff@r%d'b% e%c%glgscﬁlebsﬁxtbgnaatte? w%%%ﬁéll?des %u?cﬁa%cu%@%ﬁe supgcetrsr] Gnd !111%19 nel region

epitaxially depositing a silicon or silicon germanium material. The source and drain
extensions 110B/112B arc therefore formed in the same process step as the source and

20 drain regions 110/112, which reduces the overall number of process steps. The source and
drain extensions 110B/112B also provide further advantages over the source/drain tip
regions 110A/112A. For instance, unlike conventional tip regions, the lattice structure of
the source/drain extensions 110B/112B induces a strain in the channel region 120 that

increases electron mobility and therefore decreases resistance in the channel.

25 Another advantage is that the interface between the source/drain extensions
110B/112B and the substrate material 102 that forms the channel region 120 is abrupt. On
one side of the interface is the epitaxially deposited doped silicon material and on the other
side of the interface is the substrate material that makes up the channel region 120. This
structure enables the epitaxial source/drain extensions 110B/112B to bring the heavily

30  doped silicon material in very close proximity to the channel region 120. The dopants in



structure enabl es the epitaxial source/drain extensions 11 OB/ 112B to bring
the heavily 30 doped silicon nmaterial in very close proximty to the
channel region 120. The dopants in 4 WD 2008/ 121659 PCT/ US2008/ 058325 the
epi taxi al source/drain extensions | | OB/ 112B remain substantially or

conpl et el y wbtéusnzietshe ext ensi ons and do not tend to diddraseousnssazst he
channel region 120. Unfortunately, there are sone di sadvantages to
conventional nethods of formng source and drain extensions 1 | OB/ 112B.

One di Sad\ka@é;ﬁ@ﬂai sutckidtiat S:adbnd 0108/ JeBasmbi sabkhntidllylorGompRicihoithin
convent i OI’IE under cut q%tchl ng t(ﬁﬁ{mi' ues result i n e formati on of a
bul | et ed ﬁ%?’it“f“émf‘%?ndt O IFHE F éf’é}i‘f’c pRnchERn Iabr ds, more of the

substrate material is etched a slight distance below the gate dielectric
| ayer 106 than Unforamaﬂa@dthdierawiome didftemennts totcontehdorgainethddslfdaiming: | ayer

106. As h t dth t 112B
cach have B IER rereTd 108 ha Oreteioedniberet IR B mml 10

stain isn tite ANABRE] coh Gghtionl iha&rculFumhﬁfdammesb@anuﬁmc fdigkgon & anuch
variance in @ ﬁpflonal dercut et chi ng techni gfug t here terlds to be a
lot of varfHrEEPiofilefRpthe pRdsify ragipns JuPBEr Krds. a1osF Af B PONSHOEeHAI0E 1128

that are feheedsighpakhste w@aﬂw?ﬂ% ARRcirR 1520 YENhhOR3tchE®RRAS adicehtOr M Ng
source and drain _ extensions 12B concerns the effect that spacer

t hi ckness 'HHY £8is diiectimiges (¢ éwwh thq@%ﬂd&@%b@lﬁmtm%mes | B and 1C.

Starting VxleRsibit OWiFealll Ravel ahﬁlié(@pﬁoﬁfb% i 106hitR BB dh&s 8 QWhaRBYiRa of fset
spacers 108 of a first thickness . A substratée etch has been perfornmed

t hat Ufderstin & thehasipd eqgios 1208 Farrﬁl@rraorsochmﬁ thete is Heickysareangl 8l ectric | ayer
106 to e%@%‘ﬁn&ﬁ?uﬁd%@%ﬂcﬁﬂg%g ;ﬁég}éé Gfte réfbﬂgﬁﬁ;ade% 160 SAnROR i OB/ 112B. An

under cut - t o- under cu ance separates source extension 1
| OB fromrehuliing sewcemsi dyzin t1®ions0 1 §BA L 3y thevarFfgoed | C, a MOS transi stor
100C is shown with of fset spacers 108 having a thickness x2. Here, the

thi ckness x2 i %n%@ﬁk?i%d@%é‘g’e tb E@{‘eﬁtE)S altrﬁétﬁ&iﬂ%? rﬁxmg%u#c@@nd pacers 108 in

Figure 1B. As a res trate etc I's perforned, the thicker
spacers 1@8tepuists 130B/ 16 BB comvams dutelseidhataprtethiskacss hes osdhe wersniteh,

ext ensi:on f | region
120 of%st hgs %?Sgﬁé]ﬁ{stl %Eed&goan?ﬁg %@J@?Fo‘g’ﬁ F{gﬁ{e tlﬁere Ité;r]%orﬁlﬁ Psgut s |l ess
of the surshaeehaiexBermpatds 1Bef MG thicdkmsisst; 0A sub:ﬁh@& ctchdeobetinngl y, a
UC-t o- UC di tan 16. for heI\/DS Si st or t han t he
UG to-ue deEvafddd iedgts bhgace b 2R RS o gt s 1oRaPhs,
altering tehﬂ:lc the formation of source and drain extensions 110B/112B. An undercut-to-undercut

(UC-to-UC) distance 114 separates source extension 110B from drain extension 112B.

20 Moving to Figure 1C, a MOS transistor 100C is shown with offset spacers 108
having a thickness x;. Here, the thickness x; is much greater than the thickness x; of the
spacers 108 in Figure 1B. As a result, when the substrate etch is performed, the thicker
spacers 108 push out the undercut etch and cause the source/drain extensions 110B/112B
to be formed further away from the channel region 120 of the transistor 100C. The

25  substrate etch therefore undercuts less of the surface area beneath the MOS transistor
100C. Accordingly, a UC-to-UC distance 116 for the MOS transistor 100C is much larger
than the UC-to-UC distance 114 for the MOS transistor 100B. Unfortunately, altering the
UC-to-UC distance in this manner yields large drive current variations for the MOS

transistors.

30 Figure 1D is a graph illustrating how spacer thickness affects the UC-to-UC

distance in devices formed using known methods. The graph provides data, represented

5



UC-to-UC distance in this manner yields |large drive current variations for
the MOS transistors. 30 Figure 1Dis a graph illustrating how spacer

t hi ckness affects the UC-to-UC distance in devices formed using known

nmet hods. The graph provides data, represented 5 WD 2008/121659

PCT/ US2008/06 8828169y | i ne 118, show ng that as spacer Hdivuszowesss3isncr eases,
the UC-to-UC distance also increases, leading to |arge drive current
variations. Typically, for every nanoneter (nn) of spacer thickness

i ncrease, Hyhiae UGB, kovdap diabisapaer thivkhea drscalys, the 00E-UC distandsalwuch,  form ng

source/ drai n extensions usi,ng conventional  nmethods permts the, thickness of
The 5 of f QuPeSia ang B s 4R GRBHOTIBIES ARt Dofer PYeY BRRPSEERIe of ¢ he
MOS devi Cef spa@cramidkRsSintResetht S5O asahtdiactcaaovearoindl @NEAL aidhons of the
i nvention praqvide nethods of farm ng novel, sedI[sf -aI,ijqn%g, @nd‘ﬁigtkt axially
deposi t ed fUBUPEWVESHIHR S¥FSIRR PR FAYERLIORH IR RS AGHICERFSSNd i ai n

ext ensisong@ét shzﬂ:@r o MeNS Ir@fcrRbACiEpRk BRItk HeBREuncS bi the MOSBIVRE] al in close
proximty to the channel region ofp a MOS transistor. And 10 because the

source and drain extensions are self-aligned, they are substantially |ess
ot ed by of M8atEnder S CRaced Per TR Tbi FORRO DR Les

Figure 2 irgetiddoet fo0ding Q0vaf selLalibebidngd apildaliy dagtsited wurcekiddesl f - al i gned
epitaxial source_and drain extensions. Fi gurege 3A throE’gh ,Sﬁgi |l ustrate
st r uct ur eSXEAHNSa T8 LRHIPHAYSOUITSAT ArRan GREDRIRS ofobe wyventioggtage bighly deRs% i ed out .

15 The methgh 2QRHREH RS Wokihid t§ﬁmcﬁ%@%¢i@ﬁ oB M MY @rBistéROAnahi ch a MOS
device, such as a MOS transistor, nmay ornmed (process 202 of Figure 2).

be
The sdfi cdaeuss e sousers deaivexienpione are seliraligngdi they ac pibstentdglyilessn or a

silicon- O%Ea{bﬁéﬂl l%to?fsetssgg)c%} G Selad VR to dMYEAtidnIrGIBRE at i ons, the
may be T

sem conduct or substrat ormed using alternate materials, which may
or may not be conbined with silicon, that include but are not limted 20 to

ger mani um i ndFigeads iRm0 pEbelding 3 MOSdnsistayihdi-digaedertteriadi um

phosphi de g, gakdd dtih ke der ofifes 9@l thioupl AHERAL dfrcnMstthR U oRndiew _
exanpl es o? materials from which the substrate may be forned are descri bed

here, any whet dreiragthadR0 offijgutre} geargisd gut. f oundat i on upon which a
sem conductor device may be built falls within the spirit and scope of the

E)rzg Z )e .rltS | :1 n\ég rnr"[a irROmethad A0@Bdths SHifCKsehBcoh @B duBitalcNBos SRR AMOS LidFicsUbst rat e

such as a MOS transistor, may be formed (process 202 of Figure 2). The semiconductor
substrate may be formed using a bulk silicon or a silicon-on-insulator substructure. In
other implementations, the semiconductor substrate may be formed using alternate
materials, which may or may not be combined with silicon, that include but are not limited

20 to germanium, indium antimonide, lead telluride, indium arsenide, indium phosphide,
gallium arsenide, or gallium antimonide. Although a few examples of materials from
which the substrate may be formed are described here, any material that may serve as a
foundation upon which a semiconductor device may be built falls within the spirit and

scope of the present invention.

25 A gate stack is formed on the semiconductor substrate (204). In some
implementations of the invention, the gate stack may be formed by depositing and then
patterning a gate dielectric layer and a gate electrode layer. For instance, in one
implementation, a gate dielectric layer may be blanket deposited onto the semiconductor
substrate using conventional deposition processes such as chemical vapor deposition

30 (CVD), atomic layer deposition (ALD), spin-on deposition (SOD)}, or physical vapor

deposition (PVD). Alternate deposition techniques may be used as well, for instance, the
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i npl enentations of the invention, the gate stack may be formed by
depositing and then patterning a gate dielectric |layer and a gate

el ectrode | ayer. For instance, in one inplenentation, a gate dielectric

| ayer may be bl anket deposited onto the sem conductor substrate using
convent i onako dwp@sikdsl on processes such as chem cal vapacTaspasioissen 30
(CVvD), atomi c |ayer deposition (ALD), spin-on deposition (SOD), or physical
vapor deposition (PVD). Alternate deposition techniques my be used as

wel |, for daRstidaes 1a§&%ay@c%ﬁ@%&ﬁﬂ65&t%%d§3&@& 9&5@821511&1)@@'[ e _
di el ectrl c, layer may be thermally grown, Next th?}ég%ae el ectro mat eri al

may be déiﬁw%ﬂl %‘ﬁ ghtR diclpsiric [aKoB R SnHan dgposy 198ESAFINEs Melbosi ti on

t echni quesC\abch P&#D. Ak lSome EMRemQfiatid¥Dihe! @t&@&&oa@mb@ﬁﬁmmmm@n ofhe gate
el ectrode material is polysilicon or a netal layer. In sone

i npl enent aA§td fayer. tIjsoya iredlenerttions dhorteasisepds %ldtﬁ“éldt‘i‘ pacTiEs@ MHe{dbr j al 5
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the gate el ectrode 304 from subsequent ion
Figure 3A illustrates a substrate 300 upon which a gate stack is formed. In the

implementation described here, the gate stack may include a high-k gate diclectric layer
20 302 and a sacrificial gate electrode 304. In other implementations, the gate stack may

include a silicon dioxide gate dielectric layer and a polysilicon gate electrode. The gate

stack may also include a gate hard mask layer 306 that provides certain benefits or uses

during processing, such as protecting the gate electrode 304 from subsequent ion

implantation processes. In implementations of the invention, this hard mask layer 306
25  may be formed using materials conventionally used as hard masks, such as such as a

conventional dielectric materials.

After the gate stack is formed, an ion implantation process is carried out to highly
dope portions of the substrate adjacent to the gate stack (206). In accordance with
implementations of the invention, the dopant used in the ion implantation process is

30  chosen based on its ability to increase the etch rate of the substrate material in which it is

implanted. The specific dopant selected for the ion implantation process may vary based



i npl antation processes. In inplenentations of the invention, this hard mask
| ayer 306 25 may be formed using nmaterials conventionally used as hard
masks, such as such as a conventional dielectric materials. After the gate
stack is forned, an ion inplantation process is carried out to highly dope
portions ofwobmssibstrate adjacent to the gate stack (2QG)us2dogomsrsor dance
with inplenentations of the invention, the dopant used in the ion

i npl antation process is 30 chosen based on its ability to increase the etch
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| arge silicon, germanium or i ndi um ant i noni de conponent, dopants that

i ncrease ©A€Btch rate of sil i con, germanium or indium antinonide will
often be chosen. 5 In inplenent ati ons of the invention, specific dopants

that ngy be seheﬁtpwnénamhwm@ﬁeexﬁlhﬁ spbdtic dcpafts Gfat inbﬁbéwb‘éteﬂad e include,
but are not limted to, carbqgn, phosphqorous, and arsenic. For i nst ance,

car bon rrayn%f*easwéatcatraf%oa@géﬁ)étr%tﬁatciwda,rmlégreﬁPb‘rﬁﬂied)éosfefmnsm?Oap QoYY 6
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kilo-electron. volts,(keV). Phosphorous nay at a dosage that ranges

from1 xldﬂﬁt@m@ﬁ/cxz}oqsalgm impERetemeners| thy f@hs heﬁrﬂeaﬁtaa@#%hﬂfeﬁ@?tw t hat
falls bet %ﬁp([kévg gpﬂs?o\ﬁs %@‘E}ké& AR ethuﬁgggeétfmﬁl gdagagesifet ranges

fromix 1014 ato usin n inplantation energy that falls
bet wedfl 2 atomv/oBr’ ging an nmdmltfitwpleemm@t afnbesiveanhlearidrdesyt i Aopenia hay beon

| mpl ant at i ony awlagi g@fﬂaalah s%@’g‘fﬁo““rl 5% M efbinGah &}Jg%%g@msﬁon , a

di recti on perpendi rate n sone | npl €mentati ons 15 at
| east a pontrgpthapfalls between indfl ket at i on process may occur in an angl ed
direction to inplant ions below the gate stack. As nentioned above, if the

gate el ect rodey A AIRBE Bl e AEhRhORL LRGBS EBIQBALRr R on the

gate stack to preve oping o feciro an anneal
is carried ngcaltd!fedmn\/(BCtMélr@ugamfﬁenﬁmutahmqubma@)t hesogglimplenmeatatind, to 20

reducecan FQ}Y I | ant ati on
br oceds ( SoffTRHmBH Sh Ak 1fhriBenl G BOESH Hth Goflih) APbg dbliop B! FOLS O
subst r at e idplptthonstbatowf @k gste stack. As mentioned above, if the gate electrode containg

metal, a dielectric hard mask may be formed on the gate stack to prevent doping of the

metal gate electrode.

Next, an anneal is carried out to drive the dopants further into the substrate and to
20  reduce any damage sustained by the substrate during the ion implantation process (207).
The implant and subsequent anneal may drive the ions to a substrate depth that falls
between 2 nm and 20 nm. The anneal may be at a temperature that falls between 700°C
and 1100°C for a time duration of up to one minute, for instance, a time duration of five

seconds.

25 Figure 3B illustrates the substrate 300 after the ion implantation and diffusion
process. As shown, the ion implantation process creates two doped regions 308 adjacent
to the gate dielectric layer 302. When exposed to an appropriate etchant, the doped
regions 308 will have an etch rate that is higher than the etch rate of the surrounding
substrate material. One of the doped regions 308 will serve as a portion of a source

30  region, including a self-aligned epitaxial source extension, for the MOS transistor being

formed. The other doped region 308 will serve as a portion of a drain region, including a
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between 2 nmand 20 rim The anneal may be at a tenperature that falls
bet ween 700C and 1100C for a tinme duration of up to one mnute, for
instance, a tine duration of five seconds. 25 Figure 3B illustrates the
substrate 300 after the ion inplantation and diffusion process. As shown,

the ion i MRl@Rjuaki1gd process creates two doped regi ons p@fasikaaent to the
gate dielectric layer 302. When exposed to an appropriate etchant, the

doped regions 308 will have an etch rate that is higher than the etch rate
of the surgeyn cagplta%tabaﬁaf@éx%en@aaa%m& Mé@@a@,fstotrhﬁl #Hopsseh&@itons 308 wil |
serve as a portion of a source 30 region, including a self-aligned
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After thelspssis are formed on the substrate, a dry etch process may be
carried out to etch the doped regions and to etch portions of the

Substrate to f avities | 15 rceld
source/drain e%tﬁgr “i‘ 5pna§erﬁ'§ bfé\mf‘wrogj Ql&ie c(uﬁtg#e %ﬁﬂ(e&a% @ﬁ ggln%g ?%}gesd %{lrt e
adj acent t®cttinthcgapael rsgxamdenetclepmhmmk of ghel mbﬁﬁtmeMmanwnmdvhidi a depth
that falls between 50 n 500 . wWhich is_dee a e doped
Fogi orld- HECEHE RO satee e R s R LB Beh et or
subj acent ch@ti¢shee sipaent tbﬂwgan:smacithEhdétweetc@ﬁuwrﬁ@e&sfouﬁ@aoarde@thdhant reci pe
t hat conpl epents the dopant used
falls between 50 nm and 1500 nm, wh1ch is deeper than the doped regions. The etching

process will therefore remove substrate material subjacent to the doped regions.

The dry etch process uses an etchant recipe that complements the dopant used in

20 the ion implantation process to increase the etch rate of the doped regions. This enables
the etching process to remove the doped regions at a faster rate than the remainder of the
substrate. As such, with an appropriate increase in etch rate, the etching process can
remove substantially all of the material from the doped regions by the time the etching of
the cavities is complete. This includes portions of the doped regions that undercut the

25  spacers and the gate dielectric layer, thereby defining the self-aligned extension
architecture of the transistor. Increasing the etch rate of the doped regions enables the
etched source and drain extension cavities to undercut the spacers and the gate dielectric
layer without the UC-to-UC distance being substantially impacted by factors such as the

thickness of the spacers, variations in the dry etch process, and other process variations,

30 In accordance with implementations of the invention, the dry etch process may use

a chiorinated chemistry that takes place in a plasma reactor. In one implementation, the

9



20 the ion inplantation process to increase the etch rate of the doped
regions. This enables the etching process to renove the doped regions at a
faster rate than the remai nder of the substrate. As such, with an
appropriate increase in etch rate, the etching process can renobve

subst ant i alWwy 2ékl219f9 the material fromthe doped regi ongTs2doR@esssisne t he
etching of the cavities is conplete. This includes portions of the doped
regions that undercut the 25 spacers and the gate dielectric |ayer, thereby

defini ng tddasebdipathiodtRsistrfla@BSbRRtionITONHE; bRCCY kEthGkodnhte htlhansdcd bok .
I ncr easi ng@t he etch rate of the doped regions enabl es the etch%d source
e
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i npacted by factors such as the thickness of the spacers, variations in

the dry et@#hmay seedstweahiPladdP0 BE6MesS higheneey Brema moy poraleiidhhce wit h
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chl ori nat chem stty that takes place in a plasna reactor. In one
i npl emrent aedctm presvse BayBno e rrresd prct/ @Bt0edrnb3825 et chant reci pe may
consist of a conbination of NF3 and 2 with argon or heliumused as a

buf fer or carr iegn gR? impiBRerdidiRY, het8hdnPEhli@ryafdy dasiRiEBAPLLBRRMIES MaY
vary between 50 and 200 standard cubic centineters per mnute (SCCM while

the flow ridrengCly e dawrpierfor thaeicheaysppeipympeyaie betwes ot bieCMapd A hi gh
energy pl as‘i‘,@l : I t HIER Wto 1100W
wth a |l ow g??;@g?n%@gg%ﬁﬁgﬂ&fgg%ﬂ%%féta eg}g{{l}r reg?gfr}l(ragr&rrgig range from
aroundl01 FA8Wab afcRay 10 VAmathadow RBDias|of leanihem &00W mphereeeiomnrpsswe maye et chant
chem stry i C i }.0 ) ow rate for

t he et char{%@é 5‘2"@?%@%@% E%troya(P eltd \I@teéna' 2%9%%%%%&%% S?}g\é/l%h%\hhi gh energy

pl asma maychéreiseypiap yedisaof acopdwerion bB3Fsrahes The Sh Bew tatmapv8POW t o ar ound
1000W wi t | o ia ss . t.h 00W. The.reactor y range
from ar ounites SR EREFLERce G0 it A0 s AP i FbRks, B SOEH SaRDY ., Ch0o:
chem stry SGGM cansgisénendy phasea iy hatmployed atShowanthaiGhges Tlom &8kiBdf | ow rat e

may vary en 3 S‘D(WIa d SCCM a t.he 512 fl te.may vary between
20 S aﬁ@s e a@@@ﬂ/? v\ HY*@W"é%e‘P&W‘&PE% sl 6853138%\%38%1% a power t hat
ranges fr afpRimebtaton] thedF)NovGata badihe rQOOYYrabsit ey b¥Fkepi Jas toFedate tRE bi as of
| ess than 50W In this inplenentation, the SF6 flow rate and the reactor

pressure i ObEmMeEHant SmpEIIzZESORE ]t Fey inftafics. the repERRr S UG ARAY Y& axi ni ze
control . FRfn iBSP0NE La tot HOuNIRREDL Tn REESSHESHIPRYNIMARNEE the ctchant chemistry

may consist of a combination of Ar and Cl,. Here, the flow rate for the etchant species

20  may vary between 40 SCCM and 80 SCCM. A medium energy plasma may be employed
at a power that ranges from around 400W to around 800W with a high RF bias of between
around 100W and 200W. The reactor pressure may range from around 1 Pa to around 2
Pa.

Figure 3D illustrates the substrate 300 after the dry etch process has been carried
25  out. Asshown, a source region cavity 312 and a drain region cavity 314 are formed.
Furthermore, a source extension cavity 312A and a drain extension cavity 314A have been
formed by the etching of the doped regions 308. The thickness of the spacer 310 has
minimal impact on the etching of the source extension cavity 312A and the drain
extension cavity 314A due to the use of dopants and etchant recipes that increase the etch

30 rate of the doped regions 308.
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fromaround 0.1 Pa to around 0.5 Pa. In yet another inplenentation, the
etchant chem stry nmay consist of a conbination of Ar and Cl2. Here, the
flowrate for the etchant species 20 nay vary between 40 SCCM and 80 SCCM
A medi um ener g | asma may be enployed at a power that ranges from around
400Wto ar oM @g@WWth a high RF bias of between aroBEHUIDBASEH 200W
The reactor pressure may range fromaround 1 Pa to around 2 Pa. Figure 3D
illustrates the substrate 300 after the dry etch process has been carried
25 out. As showfiiterghesdieish prasgisdns eammletyd, 3 bt etoltiprecess aiap be emiliodtccavi ty 314

are formedgleard: éﬁ'ﬁtfmﬁ{cmﬁﬁth& tﬁ@é‘fcﬁﬁn%ﬁiﬁbqgﬁgo%\% %tcﬁglgre?a%?ﬁ 3?2({% Rl n
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dry etch p onpl eted, a wet etch process nmay be applied to clean
and furtheélgrgeszrady%ﬁgse(saour ce region cavity 312, the source extension cavity

312A, the drain region cavity 314, and the dr ain extension cavity 314A
(212). Convent iGwatet pich seregsahloediewd sbirétives. Kiistuthe wettclvb randves or ¢l eani ng

|
silicon an&) %19381 smﬁ&f"gs' c%l‘bogafyuo?%c L!:%i‘:c\)gdﬂuo ocargozllﬁ, gnﬁ?)g}(gels g]}n’(:l\%&@pi{ﬁ?ﬂ ¢ planes

chem stries capa enovi ng SsP15con af oh
may be useekidethgromate aatich ssnfaromporaWhﬂcIeaﬁsequw poijesset inu@ Be cdrtigdsdus. t he wet

etch r V, tam.n nts suc uorine, chl orof | uqrocarbons,
and oxﬁggﬁzﬂ% g{e%sw eéle | 6%“%1°V°%xp]d‘ép?r§mb?f3€‘f ﬂ%méat%?lg%thgu d<§éln> whi ch
subs equentcrpstadbgsqahas phanys tb@r(ﬁz@del’a momnurfaaempsﬁmm,a Hlé‘reqdmiy t&dalr enoves a
thin portlaon of the subst]rate al ong he <111> and &1%01> crystal I ographi C

pl anes to PPEVITTY Lior e Lhip parlian ghR sylisican thet ictahed,yayi ay Regiprtai al

deposi t i omnTayckang diay a'EbeeIﬁdsuertesl@Mat tan@hankNeASUbwh ipbigu DL tht Seft Ched awnay
may be up t k and may. al so renove residual contam nants. As

t hi
shown in ﬁ“&ﬁﬁ}éseé %‘]igeﬁ R thﬁé‘?um"erteélﬁn é%l‘ﬁ%’éézéﬂi]%%”%fexteﬁ%%%% gerdsggion cavity

312, tise aegm@edvqytsem%h@ﬂle?alﬁ{r\extbﬁb?onctﬂamo %o‘ilomﬁé om 1sayn yy314, and the
drain extensi gn 314A to follow the <111> and <001> crystall ographic

pl anes. | tTEHHQBEPHS Bl3nese Inderld alsp de noté thebihe e@rmddirfan prtenstoandiZns 312A

and 314A do not have the bulleted profile that occurs in conventional processing,

The remainder of the process for forming the MOS transistor is similar to

conventional MOS processing techniques. For example, after the etching process, the

20 source and drain region cavities, including the source and drain extensions, may be filled
with a silicon alloy using a selective epitaxial deposition process (214), This epitaxial
deposition therefore forms the source and drain regions and the source and drain
extensions in one process. In some implementations, the silicon alloy may be in-situ
doped silicon germanium, in-situ doped silicon carbide, or in-situ doped silicon. In

25  alternate implementations, other silicon alloys may be used. For instance, alternate silicon
alloy materials that may be used include, but are not limited to, nickel silicide, titanium
silicide, cobalt silicide, and possibly may be doped with one or more of boron and/or

aluminum. In some implementations, a CVD process may be used for the deposition.

In implementations, the silicon alloy material that is deposited in the source and
30 drain region cavities has a lattice spacing that is different than the lattice spacing of the

substrate material. The difference in lattice spacing induces a tensile or compressive stress
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and 314A do not have the bulleted profile that occurs in conventional
processi ng. The remai nder of the process for formng the MOS transistor is
simlar to conventional MOS processing techni ques. For exanple, after the
etching process, the 20 source and drain region cavities, including the
sour ce and W0 aM0/12%3%nsi ons, may be filled with a sili crET/EH208958381 ng a
sel ective epitaxial deposition process (214). This epitaxial deposition
therefore fornms the source and drain regions and the source and drain
extensionénﬁmcbmmepngoesﬁmc&hosuammkmﬁbememumanﬂ$ydmhﬁﬁmQHMﬁﬁmoalon may
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di ff;ar encelopal dilédoh ineg bs;@pitdxli‘t@l iaﬁﬂk&cﬁﬁvaﬁﬂmiltécb Iﬁ&‘ur&a@ﬂ?ﬂpﬁaﬁenmoﬁst,ress_ 11 WO
hat i o adleAAEN Ty aRpBg e At g Peore SrOpe FREBt co ana
drain ext Qaﬁdeﬁm&mn/%@a)ﬂr&gerfmmoBatMQ%ogfo a%dfrtdol%l mhd@ﬁs;ﬂrotousdem di ng
whether to induce a tensile stregs q £ssive stress wil|l depend on

whet heP afonamiEgiogmay rppgedran xHY; é‘t”‘br‘m?émoé?rﬂg s thignesspfithe o8 dance wit h

i mpl ement abpAnslieh ntab@aﬂg@\ﬁ%m ma, tofl Q@Oﬂ@”TMohraﬁﬂlﬁho%blﬂfmustd&Eed Sishce and
drain region cavities | ed with carbon doped silicon. The carbon

doped si | |%ﬁeﬁﬁ%ﬂt%basé§r%a%m Al | y and sel ectively deposited. In further
i npl enentations, the carbon doped silicon may be further doped in situ

wi th phosphor ose deFBeEREDARiEYNS QN WBYcE MiIRaih PR nhuydeom ¢ % to
3.0 atomc % The Eﬁosphorousgllg cgﬁ{:ﬁ)?a |Y)on may_ran eégf'%om x 10'9/cnB

to 5x | 026GPERBOUtIRA I prerESGcical FwordappBion dd) d3)§i34°%diﬁn%rﬁlf/t°r@nge from
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deposition of the highly d stource and

(CPysSit, 5% gp
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deposi ti O'Ané {hg%@or f)t%@ﬁl‘i‘é)ﬁla)'rjﬁé B Bo b2 '%) achieve selectivity, epitaxy, and high
dopant concentrations, the process parameters described in the following paragraphs may

be used.

20 For the deposition phase, the co-reactants may include SiH, at a flow rate between
100 and 400 standard cubic centimeters per minute (SCCM), CH,SiH; at a flow rate
between 25 and 150 SCCM, PH; at a flow rate between 1 and 25 SCCM, and H; at a flow
rate between 500 and 4000 SCCM. Each cycle of the deposition phase may last up to 4

minutes.

25 The deposition phase may be followed by a first purge phase. The first purge may
include nitrogen at a flow rate between 500 SCCM and 2 standard liters per minute (SLM)
and N,Cl; at a flow rate between 5 and 50 SCCM. Each cycie of the first purge phase may

last up to 10 seconds.

12



15 cycles of a deposition and etch sequence based on silane (S H4), PHS,
CH3Si H3, and chlorine (Cl2) chem stries. The reactor tenperature may fall
bet ween 500C and 625C and the reactor pressure nmay be bel ow 20 Pa. To

achi eve selectivity, epitaxy, and high dopant concentrations, the process
par amet er s M@3WBIHEY i n the fol | owi ng paragraphs may FETISWSOBRSFor t he
deposi tion phase, the co-reactants may include SiH4 at a flow rate between
100 and 400 standard cubic centinmeters per mnute (S , CH3SIH3 at a flow
rate between 28 cighdhagonssdoiew tepuege phase| Gor thaeleh Peastdamcotreatignis SCCM

deposi | or agse CELR AR URAR AN St SEOM o TR Y bl 18

deposi ti on phase nay epositio ase may be
fol | owed Hgstap fo J0swecqmds.ge phase. The first purge may include nitrogen at a
flowrate between 500 SCCM and 2 standard liters per mnute (SLM and

N2Cl12 at a flo i pur ge
phase may Ias?higkfgﬁ%%mggg%ﬁ)gggg% %\%%O%ﬁ&z%gg%q%%g%ﬁ%%geo% 325 An

et ch plaseéndhwde nitetdeow & e e bpevph 29 SCORG and hEL Mt asd Nofthgibe flewieateo- r eact ant s
may i ncl udg r M cyel e of the
etch phascet%hngggslgggﬁs %‘E@iﬁo %Bﬁg}%ﬁ%&rﬁfg‘se%@’@{%&h&]asg lgsg;%pﬁoeyo?ol | owed by a
second purgenghase. This second purge may 5 include nitrogen at a flow
rate between 50 SCCM and 2 SLM and N2C12 at a flow rate between 5 and 35

SCCM Each cyc ﬁ@@ﬁ% t : nds. The
second purge plr{g%%fc?r%{}ﬁgg 0 o%ﬁd&%g}&g t iﬁ}é%h?%épgﬁgsg?é@%ﬁ?%?rd pur ge
may i ncl udeayhydudsgodrogeRiihst aflowt R hetwenSend@s LS. dirgh 26:IShfivhe Bidh cycl e
of thqot[lg)%%gﬁi]lgse%qgstg %sze?]%yes.l ast up to 2 mnutes. In accordance with

i mpl enen SO he invention, for a PMOS transistor, the source and
drain region cavities may be filled with silicon germanium The silicon
ger mani um may beacspidanpzivathl ippigepoisiiens@f tFhevegiemmintia VOB trevsittorathc on  may
range from,, 10. atom ¢. 36t 9. 5O ﬁ%pﬁgf 1 wibiif 'Egjglqlrl LP! BIEAtALT ons, the
silicon gerlﬁagér)l?rglnqqrmyﬁe&lcgwggsrt er %ocg)e‘ﬁ h|nsr11 ése)lgl G W th boron. ‘tlkhe bor on
concent r atgemmnivgy maybgepiferisly Qoposi@d9/TeaBertmanium concentration may range from
10 atomic % to 50 atomic %. In further implementations, the silicon germanium may be
15 further doped in situ with boron. The boron concentration may range from 2x10"/cm’ to

7x10%/cm’. The thickness of the silicon germanium may range from 404 to 15004,

Deposition of the doped silicon germanium may be carried out in a CVD reactor,
an LPCVD reactor, or an ultra high vacuum CVD (UHBVCVD). The reactor temperature
may fall between 600°C and 800°C and the reactor pressure may fall between 1 and 760
20 Torr. The carrier gas may consist of hydrogen or helium at a flow rate that ranges
between 10 and 50 SLM.

The deposition may be carried out using a silicon source precursor gas such as
dichlorosilane (DCS or SiH,Cly), silane (SiH,), or disilane (Si;Hg). For instance, DCS
may be used at a flow rate that ranges between 15 and 100 SCCM. The deposition may

25  also use a germanium source precursor gas such as GeH, that is diluted in H, {e.g., the
GeHy may be diluted at 1-5%). For instance, the diluted GeHy may be used ata 1%
concentration and at a flow rate that ranges between 50 and 300 SCCM. For an in situ
doping of boron, diluted B;Hs may be used (e.g., the B;Hgs may be diluted in H; at 1-5%).
For instance, the diluted B,Hg may be used at a 3% concentration and at a flow rate that

30 ranges between 10 and 100 SCCM. In some implementations, an etching agent may be
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7x 1020/ cnB. The thickness of the silicon germanium may range from 40A to
1500K Deposition of the doped silicon germanium may be carried out in a
CVD reactor, an LPCVD reactor, or an ultra high vacuum CvD (UHVCVD). The
reactor tenperature may fall between 600C and 800C and the reactor
pressure naWyOReBM2168t ween 1 and 760 20 Torr. The carr iRSIT/¢fawskEi25sconsi st
of hydrogen or heliumat a flowrate that ranges between 10 and 50 SLM
The deposition may be carried out using a silicon source precursor gas such
as di chl adds th anrvecasOBS selectSitHROMY derwiitiameFgrSndtitics, HFl od Chirhayrte a@@id2HG) . For

i nst ance, g&tﬁ Xtﬁ?ralﬁggs%%ﬁcgségrp&/\éd{)aéce@khat ranges between 15 and 100
eposn

SCCM  The use a germani um source precursor gas such
as GeH4 that is diluted in H2 (e.g., the GeH4 nay be diluted at 1-5%. For
i nstance, the d&igum HoillostFatesrgyt B érausiver 6 whih theoperencavity ohhabderat a f1 ow

rate that Zﬁlgﬁﬁgﬁ atémc\éﬁgfgoftg .fglﬂ'f,ja %}%%32% 3#&3&821{%&1' {lu \ét'ﬂ 319 ﬂ%gn of boron,

diluted B be u at 1-59% .
For i nst arfdled Wtﬂih@ stlicon tkéay (826461 avdryinlyegions 820. éﬁhe&xte%mmee‘rﬁeﬁlaﬁlimsand at a

(1o e b i 4 GRS AERD:1 0,208 160 DO LBy RaE AP RTEN ot ons
i ncrease tAsshseh en:E1gwet39 wflike bmwﬁpmaﬁ duen and:dmmtzp%@msehatlaﬁ]fonmedﬂ 2 may be
st r ac SRl et S P SR i R BR Ao a2y S s been

filled wi tihe #@p &giloh@ﬁml i:1 blﬁyndleegﬁcﬁll’ ﬂ‘ie&elS@hlg&& dp&@tlﬂmoﬁwatﬁirﬂﬂalh he drain
cavity 314 has b o to forma_drain region

320. e @%FE%%’?S%E&EHQYF@“% Heen P\’@B&é’ F“B‘rdﬁat fIEfeeS i al sour ce

ext ensi on p3tiAn RApALKiL Rbtrexd@in eﬁifeﬁé.xﬁhs@ﬁti ﬁfbsdh@iﬂle&%@ﬁn is Asar sitbwell-i N Figure
unl i ke t[conventl ona| Eour ce anﬁsnti‘dir ain ti p regions that are fornmed
PhEedHetase

through i fisiiasde Cofredide fERiEHy dengaiasrdoped H0iep8 TP oar

boundary hed BeaR otHeP§iat bihé ﬁﬁér&@@xs@%%ubﬂ?at&ﬂ@t&%'tha’i BEkQRyp thd\GasRl f - al i gned,
epi taxi al soqurce and drain 10 extensions of the invention have an abrupt

boundary. "ot Hedopsyigd the pitasipsepogdain @(éqr\méﬁrem@ Sébi‘ftﬂéﬂﬁﬁihpf sour ce/ drai n
ext engiso n%oﬁ?@tei)h@ltﬁn A&l enkiBoM a‘i’iﬁ db SoCiefiPlo AL htfghonOn One side

of the interface Is the epitaxially deposited ope Icon nmaterial and
on t he ot Herebyicgeblivg thewpitexieloonge end drainieatensitystte hting uhah@miaﬂoneldat makes up

the_ehannlicol SR n 105 HARPHRNfnio iSorGIc RploRiBRE B4kl Raex! ensi ons

remai n substanti a
techniques (i.e., the 90urce/dram extensions 318A/320A may undercut the gate dielectric

layer 302 by more than 10 nm). As will be appreciated by those of skill in the art, this in
20 turn enables the gate length to be scaled down without having to shorten the channel

region.

Forming the cpitaxial source and drain cxtensions in relatively close proximity to
the channel region also imparts a larger hydrostatic stress on the channel. This stress
increases the strain within the channel, thereby increasing mobility in the channel and

25  increasing drive current. This stress can be further amplified by increasing the doping of
the epitaxial source and drain extensions, which is easily controlled during the epitaxial
deposition of the silicon alloy. This is an improvement over conventional diffusion

processes where the tip regions generally do not induce a strain on the channel region,

As will be appreciated by those of skill in the art, the MOS transistor 316 may
30 undergo further MOS processing, such as replacement gate oxide processes, replacement

metal gate processes, annealing, or salicidation processes, that may further modify the
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15 conpletely within the extensions and do not tend to diffuse into the
channel region, thereby enabling the epitaxial source and drain extensions
to bring the heavily doped silicon material in very close proximty to the
channel region relative to conventional techniques (i.e., the source/drain
ext ensi ons WOSAPUHRY npy undercut the gate dielectric PEYER080B8B§ nore
than 10 nm. As wll be appreciated by those of skill in the art, this in
20 turn enables the gate length to be scal ed down w thout having to shorten
t he channefransisgyiddhandigmievidy ththeecesspiyapiictiicaksioisravaneztionsd Fai mstenceeafst ons i n
relativel yggl ; I 41 , ! -%%n-&.} i 1,50: 1 npar: | ar ger
hydrostatigl%é3 ?ﬁ(é%ﬁ%ﬁ#ﬁﬁhfé%%%gﬁor% ?dr%ﬁi Rida é(ggfc(g?lﬁ‘gér@glsnecgg ? %érﬁsa rain wthin
t he channeinterigyesdigisetria{Erldpmines depbiited eyd planarized olvatheetangsior 36 (216ar easi ng
drive curr 1 (i X he. f r, | ified. by i.ncreasing.the

dopi ng of ﬁﬁ\% De%f’f%iflogﬁ éd:%bu (@gﬂ%@%&;ﬁﬁr{o@% %ershf:%orlllét,y}{n llelcc?ﬁmlc dyﬁ’gg Ty

cont r ol ¥ edinthgratedgritchie staphuresx suah as eplodiclertoin neferiatie SatH dicloctriahlaryials This s
an i nprove i,onal. di ffusi.on roce Wwhere the tip regions
general |y omrll%?) gﬁrﬁ%ﬁ%@@%tﬁ?’é’ﬁl “on© ﬁbe‘“@cf‘i’gﬁlﬁoé‘l"%r(ggﬁiﬁn%%b%dpl’e e

appr eci at eekidip((MHYssliam mikide, lorganictpgodynes such hepdMirbsandisiosr 316 may 30

undergo further d\/OS rocessi ng.,. Suc pl acenent  gate oxi de processes,

r epl acenen§01ﬂf§%at ar mﬁg]ty en%?@%)ggi@?? 8@???@{356‘530’&”%*&}0%@? ﬂ&giaﬁ)n processes,
that may fasils¢sqeioxamedifoyariche otdenWliZ@OR4sE2 THS §ieReHiL W32PRBY MeBd2Bored dransi st or
316 ang{ or ¢ r ovi d? {hg ne essariy el ectrical_jinterconnections. For instance,
after ‘1 he*BPivPLR fofurtaergsQice ity fielspiric gensiagl  igyra % iHustiatss amE I yen3de

sour ce/ dr ahit lax b glepdditeBiver HHINOS aX@istetizgbectric (1LD) nmay be deposited
and pl anari zed over the transistor 316 (216). The ILD rmay be forned using

mat eri al s knowq. f or thi appli cab in dieL.ectri | ayers for 5 integrated

ilit
circuit structuards™ YR at‘IOBWHI?L‘H’in Préiop i ¥ ’t‘f’&laé‘fﬂ?aéF@?m% 8#fFel ectric
material s prosesd desd, fhutgatars@pl{l@.fe.,kHefﬁiélﬁHgét_@die&ﬁr@@@_eﬁMtlﬁ%a&ificia‘?@ﬂe di oxi de
(Si02) and cargogocd%{)eg oal de FCDCOﬁ) siljicon nitride, organic polyners
such as peT¥FadT S¥yEldBe iR ags LYF00) BRy b lepor FtsHE @ RchmRIDIRSeSsi | | cat e
gl ass ISFS@18)AMEIIY BROShViSRIER 18R WrdFell RhOWERIM QX AN Siteribtk OXane, or
organ05|ILcaF§@glass. The dielectric |ayer may include pores or 10 ot her

voi ds to FEPEREPeeRuedly thesadrifisiabette P4 isaemavant Figmregilt dlugotésithutsoclat es an
| LD | ayer 532ng thaak fliasa Reenf f&%lah‘?%e\‘t;’%‘f@&%&%? MOS transistor 316. Next,
I C

in inplementations of the invention in repl acenent netal gate

If the gate dielectric layer is removed, a new gate dielectric layer may be deposited

into the trench opening (220). The high-k diclectric materials described above may be

20 uscd here, such as hafnium oxide. The same deposition processes may also be used.
Replacement of the gate diclectric layer may be used to address any damage that may have
occurred to the original gate diclectric layer during application of the dry and wet ctch
processes. A metal gate electrode layer may then be deposited over the gate dielectric
layer (222). Conventional metal deposition processes may be used to form the metal gate

25 electrode layer, such as CVD, ALD, PVD, electroless plating, or electroplating. Figure 31
illustrates a high-k gate dielectric layer 324 and a meta) gate electrode 326 that have been
deposited into the trench opening,

The metal gate electrode layer may consist of a P-type workfunction metal or an
N-type workfunction metal, depending on whether the transistor is to be a PMOS or an
30 NMOS transistor. In some implementations, a PMOS transistor is being formed and

materials that may be used to form a P-type workfunction metal layer include, but are not
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process is used, the gate stack (i.e., the high-k gate dielectric |ayer
302, the sacrificial gate electrode 304, and the hard mask | ayer 306) nmay
be renoved using an etching process 15 (218). Methods for renoving these

| ayers are J[O 6512;0\/\111 inthe art. In alternate inplenmentations, only the
sacrificial &Y% s renoved. Fi gure 3Hillustrates PREUSI0RRISE2S openi ng
that is forned when the gate stack is etched away. If the gate dielectric

| ayer is renov new dle ectrlclae may be deposited, into the
trench opeﬁinﬁﬁft(oﬂ'%)emu?hggﬁ?ﬁb‘ﬁl’ PRSPt Blcﬁt@ﬁcﬁp@caé%’@i‘?tﬂﬁ‘éd%bove may
be 20 usedcgehﬁhcnamcdsma@ AafiumanilewilToRbRINELHBARAIF b PRMOY eesses may
al so be used. of the gate dielectric |ayer may be used to

t
addr ess anfllc“cf%ﬂ‘?ﬁ gng B tﬂﬁ?“’ﬁé@ﬁéls b5EaR ?@Ut‘fﬁ"f"k\@@déb?‘)@lsﬁeﬁ - gHlfeanagily| ectric

layer duri mg,oa@mhp@@teﬁmm@&n NREOSHrdhsARA ;s%tngﬁaﬁﬁed Aﬁ&%%%ﬁ@%haﬁm%& al gate
el ectrode | ayer may then be deposited over e gate dielectric "layer

(222). TonVEALq BrERL Aetyas wakhpsiion Befeldpyse dnsdue, ngremet kimise tpdmﬁom t he
netal gat ez&%nﬁhﬁﬁfaﬁfﬂﬁ?ta'nﬁ%ﬁﬁ ’a}u%ﬂﬁlt}n and %Q’dliﬁ*@ﬁ g,k}ﬂ:c)tal @Jr ﬁt%t%%éucﬁl ating,

or electro Iatlng igure 3 lustrates a ectric | ayer
324 and a eaﬂﬂﬂ@aﬁel @l f@éltl‘#fbd@b@z&lmhfatlmt@al\b&eb@f@mumd:em taetdlwrnt o the
trench opeging. 8 Hﬁﬁﬁﬂ S P-type
wor kf uncti on mataa(?‘I 0 ¢ E@Ei @%&i%ﬁgtl%g%ﬁe@%})&%efoﬁég 0§ia)n whet her
the transi NM&S gate ng:tnoée aﬂtl?wmrlduncann th30is MBSet atmns3. Qteb’rand hhsnusa;rmv

i mpl enpt ag;i rmed and eri. t hat may
be used to fsggl%“g Bﬁg lotnlé aﬁ& ﬁ}rrllg |r{5(f§1tal { eIge F‘"?, llayﬁir%@%g%&epﬁﬂfed F¥ not 15
WO 2008/ 121]36519169(3%:&{18@6@:&1 16881325/ bel depoditedifdilowed tiy hertalipate piadttcddifillm

pl ati num i ckel conductl ve netal oxides, e.g., ruthenium
oxi de. F]%?t pélEhrraestai mlImémer enable the formation of a PMOS gate

el ectrode vmth a vvo_rkfunctl on that i s between about 4.9 eV and about 5.2
cV. Alternatel yf}CCOﬂdmg@oméﬂil'rgnhcbmmaldoons asddidMStensiamshast beeni S bei ng

formed an use orma kKfuncti on
netal | ayceic} &?gﬁg th r%dlb ovg%r}é?mﬁ PtBe &06 ’ﬁ%{’l‘sﬁp)uﬁ?& %E e?sffd‘h titani um
t ant al Um sadatandun Wmcmmédﬁhl&ldrsxlabxh OMSmeea Q, bordvedaped sidicd ghemardiltat i ncl ude

t hese el enent s) £ n| um c r bi d iconl um car bi de, .tjtani um car bi de,
tantal um ‘O g 3%“’ 198’?5 H@e B FPYIALSOHSE 4P fralBer wi || enabl e
t he for matdxansiofs @mOtNMatatga&ted Plogifel foRelan Whiubt ounedri bunetd @B ckhatl 1 s

bet ween about 3.9 eV and about 4.2 eV. 10 In sonme inplenentations, two or

more met al"gat BidhExiGand AERLieBiofn gbliva e S9B e Eonceptetion that is more

casily controlled, yielding a more optimized source-drain profile. Furthermore, by

20 sclecting an appropriate combination of a dopant and an etchant recipe, implementations
of the invention enable the source and drain extensions to be etched without being
substantially impacted by the spacer thickness. This self-aligned process therefore

increases performance while minimizing process variation.

Figure 4 is a graph illustrating the improvement made available by the self-aligned
25 methods disclosed herein. Line 400 represents data collected for MOS devices built using
implementations of the invention. As shown, the UC-to-UC distance is much less
impacted by spacer thickness than devices formed using conventional processes, the data

for which is again represented by line 118,

The above description of illustrated implementations of the invention, including
30 what is described in the Abstract, is not intended to be exhaustive or to limit the invention

to the precise forms disclosed. While specific implementations of, and examples for, the
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i nstance, a workfunction netal nay be deposited followed by a netal gate
electrode fill metal such as alum numnetal. Accordingly, self-aligned

epi taxi al source and drai n extensions have been disclosed that reduce the
overal |l resistance of the MOS transistor and increase channel 15 strain
due to i ncr¥Qgegidéed silicon volune (e.g., boron dopeTdiReU86F832er mani um
vol unme) conbined with reduced silicon volune. The epitaxial source and
drain extensions do not have a bulleted profile, form an abrupt boundary
bet ween t Heveshemare Hescribyi hﬁtmiraﬁmilttheat's/@uvumescandﬁdumqnivrabgi opdficatines have a
dopi ng co i a nore
optim zed%gcg%gr %gltc g’f%]trﬂgtrs%o [ I%x [t%%’e &s%h&s%@%ﬁl?&zkﬁ.ge Iie%lv%t%gq‘glr% appropri ate
conbi nat i orcoghiza dopant and an etchant recipe, inplenentations of the

i nvention enable the source and drain extensions to be etched w thout being
substantially TRSC ANk RIGEE d BLGHBARS:m DS AR bl oAned process

t herefore increases per Whi e m ni'm zi ng ocess variation. Figure
4 is asgr dpwrnphdnusThcatmmgmdm thqmﬁmmegekahnmwdamd}el cabs&teledb;o lithigthe

self-alig .25 t d hne 4 s data

col | ect edqﬁg}l n%?dgq%e@?gﬁc ﬂﬁﬂg+§’n§a§1§>n£§1s§osed K m%ﬁ?eﬁf |°%n°§1 a8 %1 e hivent i on. As
shown, t heRatEs,ttiee ddGhalifsh@ineantios istubh dd:tmmdrqnamn}el@ thy fcﬁlpm%rclmdns ckness than
devi ces for d usi vention ess |s again
Fopr esent Byt B oS GRS Btne OB RRT Rt R i Ppdifhion
inplenentatlons of the invention, |nclud|ng 30 what is described in the
Abstract, is not intended to be exhaustive or to limt the invention to
the precise forns disclosed. Wiile specific inplenentations of, and
exanples for, the 16 W) 2008/121659 PCT/ US2008/ 058325 invention are

described herein for illustrative purposes, various equival ent
nodi fications are possible within the scope of the invention, as those
skilled in the relevant art will recognize. These nodifications may be

made to the invention in light of the above detailed 5 description. The
terms used in the follow ng clains should not be construed to limt the
invention to the specific inplenentations disclosed in the specification
and the clains. Rather, the scope of the invention is to be determ ned
entirely by the following clains, which are to be construed in accordance
wi th established doctrines of claiminterpretation.
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17 Cains: 1. Atransistor conprising: a gate stack fornmed on a substrate;
spacers forned on laterally opposite sides of the gate stack; a source
region and a drain region forned in the substrate adjacent and subj acent

to the spacers, wherein: the source region includes a self-aligned source
extension in close proximty to the gate stack of the transistor, wherein
an interface between the source region and the substrate follows the <111>
and <001> E#@ﬁhllographic pl anes, and the drain region includes a
self-aligned drain extension in close proximty to the gate stack of the
transi stor, wherein an interface between the drain region and the
substrate fol | oftdranpigloraompsisay <001 > crystal |l ographic planes. 2. The
transistor of clgibdek MIGELHDN, LlksngBt € stack conprises a high-k gate
dielectric layer and a nmetal gate electrode. 3. The transistor of claiml,
wher ei n t he sousiaecrs &yinod onkateralbeompositasides gf the geospckise  car bon doped
silicon. 4. The S| r.of .al . i | QR t he
drain region co%%%?%@kg%gﬁgnaé%%ggg%%1%@%%{%éﬁﬂéﬁgﬁ%?%@ﬁg?ﬁggigﬁﬁ%ﬁﬂtor of
claim 2, whehesmcdérhovieotm:ce extensi on overlaps the high-k gate dielectric
| ayer by nore than 10 nm from and.t he, drai %ﬁte si on overlags.th? hi gh- k

gate dielectric |ay®¥ BM5FofE'Thdpruss fmsei2ligird poUes CEERTO AN §I%Fm 1,

wher ei n the soupegingfidiodthal gateeh®NST BB Sraakiftof Pl Kedoth ahl Mterfdepbaivt@dthe7. The
transistor of claim11, wherein the source and drai n extensions are forned

by dopi ng por t $BHS Eehien anddhe spbstratstiplowsy thenel ldspad T ti wyisallograghic
epitaxially depgghdsisifg a silicon containing material in the etched areas.
18

the drain region includes a self-aligned drain extension in close proximity
to the gate stack of the transistor, wherein an interface between the drain region

and the substrate follows the <111> and <001> crystallographic planes.

2. The transistor of claim 1, wherein the gate stack comprises a high-k gate dielectric

layer and a metal gate electrode.

3. The transistor of claim 1, wherein the source region and the drain region comprise

carbon doped silicon.

4. The transistor of claim 1, wherein the source region and the drain region comprise

boron doped silicon germanium.

5. The transistor of claim 2, wherein the source extension overlaps the high-k gate
dielectric layer by more than 10 nm from and the drain extension overlaps the high-k gate

dielectric layer by more than 10 nm.

6. The transistor of claim 1, wherein the source and drain extensions are epitaxially
deposited.
7. The transistor of claim 1, wherein the source and drain extensions are formed by

doping portions the substrate, etching the doped portions, and epitaxially depositing a
silicon containing material in the etched areas.
18



