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vibrational energy from the nucleus of the silicon atom, which causes them to scatter at a rate of 500 to 1000

30 times less than in relaxed silicon. As a result, carrier mobility is dramatically increased in strained silicon as
compared to relaxed silicon, offering a potential increase in mobility of 80% or more for electrons and 20% or
more for holes. The increase in mobility has been found to persist for current fields of up to 1.5
megavolts/centimeter. These factors are believed to enable a device speed increase of 35% without further
reduction of device size, or a 25% reduction in power consumption without a reduction in performance.

35 An example of a MOSFET using a strained silicon layer is shown in Figure 1. The MOSFET is
fabricated on a substrate comprising a silicon germanium layer 10 on which is formed an epitaxial layer of
strained silicon 12. The MOSFET uses conventional MOSFET structures including deep source and drain
regions 14, shallow source and drain extensions 16, a gate oxide layer 18, a gate 20 surrounded by spacers 22,
24, silicide source and drain contacts 26, a silicide gate contact 28, and shallow trench isolations 30. The

40 ‘channel region of the MOSFET includes the strained silicon material, which provides enhanced carrier

mobility between the source and drain.
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misfit dislocations caused by both the increases and the decreases in temperature that are typically encountered

during processing, such as during formation of shallow trench isolations. Therefore, while the limiting factors
of strained silicon technology can be balanced to achieve limited carrier mobility enhancement in some
35  applications, current technology does not offer a way to impart enough strain to produce significant carrier

mobility enhancement without also introducing mobility-reducing defects and strain relaxation. '
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strained silicon layer is formed. Initially a substrate having a first layer of silicon germanium is provided.

Shallow trench isolations are formed in the first layer of silicon germaninm. A layer of strained silicon is then
formed on the first layer of silicon germanium, and a second layer of silicon germanium is formed on the
- strained silicon layer in a single continuous in situ deposition process with the strained silicon layer. The first
35  and second silicon germanium layers support the tensile strain of the strained silicon layer and resist formation
of misfit dislocations in the strained silicon layer during subsequent cooling and heating of the strained silicon

layer. The second layer of silicon germanium is subsequently removed, and a MOSFET comprising the layer

of strained silicon is formed between the shallow trench isolations.
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typlcally grown on and supported by a silicon wafer (not shown). Silicon germanium may be grown, for
example, by chemical vapor deposition using Si,Hs (disilane) and GeH, {germane) as source gases, with a
substrate temperature of 600 - 900 degrees C, a Si,H partial pressure of 30 mPa, and a GeH, partial pressure
of 60 mPa. SiHj (silane) may be used in alternative processes. Growth of the silicon germanium layer 40 may
be initiated using these ratios, or alternatively the partial pressure of GeFl, may be gradually increased
30  beginning from a lower pressure or zero pressure to form a gradient composition having the desired
germanium content (e.g. 30%) at an upper portion that will form a junction with a later formed strained silicon
layer.
’ Formed on the silicon germanium layer 40 is a bi-layer hardmask structure comprising a bottom
hardmask layer 42, also referred to as a bottom antireflective coating (BARC), and an upper hardmask layer
35  44. The bottom hardmask layer 42 is typically silicon oxide (e.g. SiO,) and the upper hardmask layer 44 is
typically silicon nitride (e.g. SisNy). '
Figure 2b shows the structure of Figure 2a after patterning of the silicon germanium layer 40 using the
bi-layer hardmask to form trenches 46 having tapered sidewalls. Figure 2c shows the structure of Figure 2b

after removal of the bi-layer hardmask materials from the silicon germanium layer 40, followed by formation
4
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30 silicon layer so that an appropriate amount of silicon germanium is present on the upper surface of the strained

silicon layer to provide support for the strained silicon layer as temperature changes occor. The upper silicon
germanium layer 52 is formed to have the same germanium content (e.g. approximately 30%) at its junction
with the strained silicon _layer 50 as the lower silicon germanium layer 40 so as to provide maximum support of
the tensile strain induced in the strained silicon layer 50, but may thereafter be graded if desired. The thickness
35 of the upper silicon germanium layer 52 may be determined in accordance with the particular application.
As noted above, a silicon germanium layer having approximately 30% germanium content is capable
of supporting a strained silicon layer of approximately 80 Angstroms without the risk of significant misfit
dislocations during cooling or subsequent thermal processing. In contrast, the strained silicon layer 50 of the

preferred embodiment is supported at both of its surfaces by the lower and upper silicon germanium layers 40,
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drain extensions 68 in the strained silicon layer 50 at opposing sides of the channel region. Halo regions (not

shown) may be implanted prior to implantation of the shallow source and drain extensions. Halo regions are
regions that are doped with a dopant that is opposite in conductivity to the dopant of the source and drain

35 extensions 68. The halo regions help to suppress the short channel “punchthrough” effect by shortening the
depletion regions at the ends of the source and drain extensions 68. The halo regions are preferably implanted
using a low energy at a‘ small angle to the surface of the substrate so that the halo regions extend beneath the

gate 62 to beyond the anticipated locations of the ends of the source and drain extensions 68 after annealing.
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The substrate includes a first layer of silicon germanium. A layer of strained silicon is then formed on the first
layer of silicon germanium (82). The layer of strained silicon preferably has a thickness in excess of the
conventional critical thickness determined in accordance with the germanium content of the first layer of

35 silicon germanium. A second layer of silicon germanium is then formed on the layer of strained silicon in a
single continuous in situ deposition process with the strained silicon (84). The first and second silicon
germanium layers maintain the tensile strain of the strained silicon layer and resist the formation of misfit

dislocations in the strained silicon layer even where the strained silicon layer has a thickness in excess of the

critical thickness.




relative to the channel region of the MOSFET. The depth of the deep source

and drain regions 72 extends beyond the strained silicon |ayer 50 into the

Iomer silicon germanium | ayer 40. Figure 2k shows the structure of Figure
after gerfornlng rapid thermal annealing (RTA) to anneal 10 the

st rai ned"SHPPI8H2P ayer 50 and silicon germanium | ayer EETANPOBB3ATY | vat e
the dopants inplanted in the shallow source and dral n ext ensi ons 68 and
t he deep so ral 72 Durl n nne sonme, diffusion of
1ol ant ed o b aRlts REPILP REdc oo tonths I AytomiuBietn e BFETS: | | con

ger manicipdimgpeef Figgres 13- Gl the %ltrzmsttvembctlh@ntsf Fipied 3) fuedl other eﬁ%bxgaﬁW@n%dnaéntse r
f or mat i1gRa9h ssbdateGl H6videR WoRChs st@anenn&Jags Y8 8;%! %Itmaa;u b S ow%%n” and

formation of a silicide contact 76 on t e cont acts
are f oriipkgors pre pn formed inthe,dkinqn ewmrabi layen§2)a Asl%ym of @mdlqtiﬂmpn Iﬁrétrefpmaﬂ omnd a

net al . tﬂé)'f@dt E@Ar bﬂsﬂ&oxﬂ@fﬁdmuﬁﬂ{% a%&age@mhatyereg?ﬂcoﬁ &rnla'ﬁﬁﬁims thdA QMRS tﬁ%ﬁe@&f netal s
such as so he ed. The silicide contacts are forned

enpl q
by olepé’éﬁie‘“‘e gs‘hcg’{ ‘Hf‘ﬁ’g‘?%?ﬂl {mte: (s f“élgg‘iﬂ PFOSEsS ridh the strgipedrsilicqadayer (Rt Amtid  and
t hen armdakdcegmiydeperdmpidenstiel firg sitken gdosnitd Ihﬁﬂprﬁf tofdA@atidQ bitheSayer of a&n@&ct
bet ween;; . r m cond fol | owed
rem)vaIg ]E&elr“t{e%% g‘hié%@gn(gglﬂ%% g%{aﬂgmﬁ egfenmg &135 ) ?)W(gé%%ﬁ%%ﬁrﬁ‘%%w Bipin gur es
2a - 20ilipen layprdyiroied betepy shallgy trephlpisddatowsdi®ent of Figure 3 differs fromthe
enmhodi nent of acEdr@dEeﬁﬁchﬁther e%lbodﬂerﬁshﬁﬁay%b@esﬁbﬁho Ql?ﬁd& xﬁ&ﬂﬁgxﬁﬁﬂeﬁgespﬁ or med on

t he 5|I| on tg@ %ﬁiger of Figuré 2c to vy e structure of Figure
2d is SAPTHEG: A eof Qudprpndg ‘H‘édeﬁﬁf)@f'“laé‘ﬁﬁlf*ﬁ&’é“’ﬁ‘lacedt”ﬁ’éa Prgstallioe Wghtk con

ger manidigkerttialper théhay adatf@ppeianited 8lcymdaabie {o tWt &fhhetlmr gmﬁgenﬁdﬂuﬁ,a@@[sm@f t h e
shal | oWelebNedlided SRlalat e Sty con t
subsequeer‘lat(ﬁ}ﬁf or nec u@ﬁa Ql é%?r;ﬂ\l/eg&g%egg 'Flm ﬂs“ion )1} 5"5 ’é@? ?ﬁa&ﬁ?l ayer
40 ext EHERS sHPEEn PYFév alﬁﬁ‘ﬁ aruling fages e%crﬁfalhvmléyss,ﬁmr GaWOt prevideha juggdileditiions 48.

Becdsus Such c@@thl@ﬁiyl Bégrovg lb@ﬂdblhcul&i B&ﬁﬁﬁltakys(l\ﬂﬁ‘ﬁ dln alfdrﬁngr efbddimelOa c?&l_ allﬁ@ﬂ Pf ot h
enc

occurs |l i.con ox |l ow tr i sol ati ons 48! her ef ore t he
r egi onggg %(t\;]gy TRE Sha l‘gecéﬁéﬁbsfmé%‘f‘ APHORS™ RBIHEFARTRC Ry T BT e i1 ed

in |at éwdmw@%vlﬁggﬂmm&umemcﬂme | ayer such as BPSG is applied.
Dovi ce consUtibid pudneio WG WAL £aR) adfiffl itk LG dgs@i‘%%ﬁ'm”u% oyl Figures

2a - 2L. Fi gure hows a process a strarned silicon
| ayer PREF™® ﬁ%@ﬁb“égsé"é%y et"ﬂlé“‘ﬁr"é‘f‘%ﬁf fags b@%b@ﬁwheﬁﬁskmw ngorpgated igtp thet he
af 20 emetmvé poegesdh oesriatd with tmﬂaﬂﬂtlﬂfsﬂﬂtcﬁueafbdm &l F&k&ﬁ[p[&%deﬁﬁﬁéiate' nitially a

substr The .substrate incl udes st | ayer . of
sili co?nltogeéérl%é%ﬁ}r{néhqggﬁa%@ g msotv ?lé)lypr?sem a“o“(lfaiy%r?)?f pfoéec?‘ﬁzﬁ’(e’f RO PRe first

| ayer Bfksdprimaias ﬁﬂfbfém?fﬁlrﬁf tht‘{fe@} masipad dthey ewnskinf lagdrs, déping dndsioliritec-dopingr ef er abl y
has a El&nﬁlgﬂﬁﬂzﬁlzétﬂm Qﬁi&&ﬁe‘i taifs, Iﬁet}%e p&@ﬂﬁé@ Qlt)ﬁgqmg]lthe(fe{‘sf(stsb&?ilcallk Gés?tl%@c?;ﬁyg e.

deterr’q: g} t|h accor e wi.th er mani um cont ent Irst [ayer of
35 siltcon gerhrEmi"G (ot ‘*@8‘606%1 ‘1“&9/ CoYbsE3te Juehs anfatingaAict 4t raghet be f or med on
t heS | apesiornpfl sectiglyrve decons pitbesubsiae, THas, MglletheCaidbbditind WSustdted S tﬁdﬁgdﬁpﬂﬂl tion
proc es§es<\ﬂ'lbw'hb5\}3%re%ké’séi'tlpﬁgfeﬁédl i &%ﬁd geiau )ier%toola%la thqrs %n?_lla%‘é}mflﬁsea(r:eoo 8re§ IL)[ L 3P

ger mani um | rryl.)grs Ml Nt al n Fal ne Sh I ayer
and r eSPEplep T'F“o‘PY?ﬁ‘H“é%f’Ob‘Fn“F?ﬁ éofai Itaf“C‘dﬁrsmbs@anemomemmdqth@nsusmﬂlﬁ@dmgl | i con

| ayer ewbhatwhe i pef@itaibns dan@llwRil he€Rbpe bPYEH2N@Sn RNl L RESSuivAle@XCESS Of
the critical thickness. 7 WD 2004/061920 PCT/ US2003/ 03467




Figure 5 .shows a process flow for form ng a sem conductor device that
enconpasses the preferred enbodi nent of Figures 2a - 2L, the alternative
enbodi ment of Figure 3, and other alternative enbodinents. Initially a
substrate is provided (90). The substrate includes a first |layer of silicon
germanium Shallow trench isolations are then formed in the silicon

ger mani unCLAYMS: (92). A layer of strained silicon is then forned on 5 the
first layer of silicon germanium (94), and a second | ayer of silicon
germaniumis then forned on the layer of strained silicon in a single
continuous, i n Airhéth6ERR ForimiNg a RirSiK6S Silivbi fybh eoripridhgied silicon layer (96).
An etch Dback process may be perforned on the first silicon germanium |l ayer
prior to formapioyiding a substratgwempeping @fistlayer of silicemgermprinmsecond | ayer of

i DicGid . oeermRBisecond |
Strained i 1 RERSD o RIPRER RET In o dnl R AR R, one (100).

10 I n accor danfoemivg dlafetr dfierained bididomentise firkt [t ofgilides pémdkintunh;andpl ement
additional features. In one enbodinent, the oxide or oxide-nitride-oxide
gat e i nsul at i nfPTIEER secang ByerpfsHicpngsrmaniympondhe strpanad; silicop laygrdnact ri ¢

| ayer tha; : }C. . Is . of the | ower
silicon S%Irlé}g%?ﬁt%"\%%ienr&gﬁ(%g 8%1}26;% gx%oggég %&o@?gﬁé@fg% I 1%egnsgp;%éhpport for the
tensi | e strai nwhereinthe $itst aindesdcand sitioon gayaniuntlayere sapnoltes tehsite strar8h

silicon germanium/l.ayer, a gate, insuylating layer of crystalline. cB or
GaScCB prﬁ*siSH@ge@S@e%{q Laero an gesiot the Tamnagiopof Bigfdiylecaiiys %La ?m%fy
ol ecul argiheamaphi taxy (MBE). In a further enbodiment, a crystalline high-k

dielectric layer may be used as a dielectric substrate in a silicon on
i nsul ator construction, and may al so be used as a gate insulating materi al

in such constyuctjon.. Lt wll .be appar.e 0, t.hose havin rdi pary skil
n the art tharh Telpdsletnedin sttt Witinche b5 ilrettonath Be R
necessari domsARlHi GOl wAbRY is iR i Tandttdr d PlNEY. that Turther tasks may be
incorporated into the 20 above processes in accordance with the particul ar

structures to be formed. For exanple, internediate processing tasks such as
formati on and renoval of passivation |ayers or protective | ayers between

processi ng t ashkemethgd elaimedingglain 2 iwhespingris ppsosimaigly 0. 3andiBe Buckngisher
maski ng | : I ¢ [ cl eani ng, planarization, and

ot her tas§%$5%%?HggﬁggFﬁggﬁegagﬁg%39%9?ﬁ9¥ﬁ% tasks specifically described
above. Further, the process need not be perforned on an entire substrate
such as an entjre fer, but rather may be 2 erfornmed sel ectively on
secti ons bt -t HENSmEGOR Sleimed: ai iW@r?lﬁéh%g”ﬁE@dn%ﬁ?@ sili¢qnsgermeRYm n t he
figures fienchd Hto-aRaNS ARl PhRARK iy it
understoggg?ﬁat thé%@ eﬁbd%ﬁﬁthsgare 0 é?@%ﬁﬁgﬁ% yugéhngﬁgﬁ%ﬁg oﬁly. The
i nvent i onstiagnadcsilidondayeed to a particul ar enbodi ment, but extends to various

nodi fications, conbinations, and pernutations that fall within the scope

of the clainmed inventions and their equivalents. 8 CLAIMS: 1. A nethod for

form ng asstrarpeghethollick@ed BYQhim €IMRYT&iR tROfirsPARNVeEbIsiBe hAtufh
conprising a first layer of silicon germanium formng shalTow trench

i sol at i onleyém eadhchave agerthaniem cohtest off approxgmatelyiOsy  forming a | ayer of
strained silicon on the first layer of silicon germanium and formng a
second | ayer of silicon germaniumon the strained silicon layer in a

6. The method claimed in claim 1, wherein the layer of strained silicon has a
thickness in excess of a critical thickness determined in accordance with a germanium

content of the first layer of silicon germanium.

7. The method claimed in claim 1, further comprising:
removing the second layer of silicon germanium; and

forming a metal oxide semiconductor field effect transistor (MOSFET)




single continuous in situ deposition process with the |ayer of strained
silicon, wherein the first and second silicon germanium | ayers support a
tensile strain of the strained silicon layer and resist the formation of
m sfit dislocations in the strained silicon layer. 2. The method cl ai ned
inclaim1l, wherein the first silicon germanium|ayer has a conposition
Si 1- xGex, cQippiBngthedayes of peaipedhsilicas betweer gheghallovs tremudeiselationsd cl ai ned i n
claim?2, wherein x is approximately 0.3 and the thickness of the strained
silicon | ayer exceeds 140 Angstroms. 4. The method claimed in claiml1,
wherein tBe fi The netdbdsdained is claint Ghwheeimaioring thagteaiedsilicon dayer is

approxi matel y. equal geyrmani um coptent at. respective_junctions with the
strai ned glf@F?Cl?éﬁm T§RaVIngs porfien elthe fgst siliongermaniun Jgysy 10 loxysepR PP he fir st

and secon AN i r L of
appr zxi rratggfdfp??gg/g“%s{T en%”ﬁ%@@ lg¥%ea%%t%@gfléﬁprﬁg%ﬁ&%h@§e%§ t 1@% ayer of

strai ned gemdhaselatias. a t hi ckness in excess of a critical thickness
determ ned in accordance with a germanium content of the first |ayer of
silicon germanium 7. The nethod claimed in claim11, further conprising:

removing phe seROMGHRAYEINRH iPLlhint @ NwBSE TR He Wihindd diliko8 [HyBYis @ofBA Blio0xi de
sem conductor field effect transistor (MOSFET) 9 conpriSing the Tayer of

strai ned titemoyingsbe sgsond layer efwilicomgermanivhn. i sol ati ons. 8. The net hod
claimed in claim7, wherein formng the strained silicon |layer is preceded
by renoving a portion of the first silicon germanium/layer to | ower an

upper sulf.aceThé et dfdldifiled $n l:liaﬁﬂ 7, @Rér@ﬁ%ﬂﬂinh%OSFE'T&ini tHEstkdinddPper .
surfaces of the shallow trench isolations. 9. The nethod clainmed in claim

7, where fiHcemeomprisgsined silicon |ayer is cooled prior to renoving the

second | ayer o ] | i The. mget lajned in claim?7, ‘
wherein form ngoﬁl*%%%%@ﬁgwﬁe?égﬁlgdﬁ%ﬁ is@%%ngagﬁfbri ses: formng a gate
i nsul ating | ayfsrmidp 4 pate sbiidiictieellaget orcho ghr)dulatingdiyerng a gate conductive
| ayer on the gate insulating |ayer; patterning the gate conductive |ayer
and the gate i PYIRNG Hy gals endugiivedaygrangd thegate pswlpinglgyer tgderan 2 g3t at or ;

i npl ant i ngvég,ﬂé Qgété%ﬁ&?orand drain extensions; inplanting deep source and
drai n regions; an ’

implanting shallow source and drain extensions;
implanting deep source and drain regions; and

forming silicide source and drain contacts and a silicide gate contact.

11. The method claimed in claim 10, wherein the silicide source and drain contacts

and the silicide gate contact comprise nickel.

12.  The method claimed in claim 10, wherein implanting shallow source and drain

extensions is preceded by forming a first spacer around the gate and gate insulator.

13.  The method claimed in claim 12, wherein implanting deep source and drain
regions is preceded by forming a second spacer around the first spacer, and wherein the
second spacer serves as an implantation mask during implanting of the deep source and

drain regions.

14.  The method claimed in claim 10, further comprising annealing to activate

implanted dopants.
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formng silicide source and drain contacts and a silicide gate contact. 11.
The nethod clainmed in claim10, wherein the silicide source and drain
contacts and the silicide gate contact conprise nickel. 12. The net hod
clainmed in claim 10, wherein inplanting shallow source and drain
extensions is preceded by formng a first spacer around the gate and gate
insulator. 13. The nethod clainmed in claim 12, wherein inplanting deep

sour ce_angls dr airfe nfefiUMmbd iPEIgfT 96 it oth UrPlaliind sAFEAR GRACRIndbAUINd t he
first spacer, and erein the second spacer serves as an | nplantation mask
duri ng i nplpedededbyimplastingeteio sginmsethahdlo rdgiannextegiinnewaidia chaneelnret hod
clainmed in claim110, further conprisi.ng anneal i 0 activate jnplanted
dopant s. %l@&eyﬁcgeq%tqf&e ?9“5‘?6%‘8 ‘ﬁ'ﬂn WW&WPW@W%%%&%&O% sour ce
and dr ai Nedniprefisg #BSpant BaRhSE OEEhchVity ik 3ppbsHE 18 HeQLoh&RHHRNY tygeltit ahal 0

regi ons extending toward a channel redgion beyond ends of the source and
drai n ext éominbeisthe gousree anst dnaih exténsional o regi ons conpri sing a dopant havi ng
a conductivity type opposite to the conductivity type of a dopant of the
source and drain extensions. 16. A nmethod for formng a strained silicon
llayer, comgri sAnféthodfor\fofhhing adtrainee kilidbe l45efRbmptislAg:a first |ayer of
silicon germaniunm _formng a | ayer of strained silicon on the first |ayer

of silicon gerpiniding a suhsiraesepipriging ad@sblayer|od pidicon gersianjussn  ger mani um on
the strained skl L1 i ngl opt | ' [ Sj L on
process with tﬁ%bﬁﬁg%%9éﬁkﬁ??%?%8 °§?P§§%H5%{ g&§1ﬁhgﬁ§ggﬁ%s an dsecond

si l'i con ger manfoimingy sscend lagposttsilicongedmrdumitdnathé stédined dikkcodtlagdried Silicon

| ayer and resist the formation of msfit, dislocations in_the strained
silicon | gg@p coRtjnuous in situ deposition process with the layer of strained silicon,

wherein the first and second silicon germanium layers support a tensile strain of
the strained silicon layer and resist the formation of misfit dislocations in the strained

silicon layer.
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