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Ge Channel Heterostructures For Field Effect Devices CROSS REPHREZNSIS/065138
RELATED -APPLI CATI ON This application is cross referenced to Serial No.

09/ 267,323 filed March 12, 1999 by Jack O Chu et al. entill&&g‘]ﬁg@ugpeed
Conposite p-channel Si/Si Ge Hetergst ture for Field Effect I'c whi ch
describes a field effect transi st%@&&hﬂﬂ!ﬂhvi ng a conposite |ayer

of a layer of Ge and a | ayHeternost es Forrifield BffertcDevivest 0 obtain
hi gher nobility which is incorporated herein by reference. Field of the

I'nvention This invention relates to a silicon and silicon gernmani um based

mat eri als system and errecﬁgggim‘E"pgq@I\yGE@% 'f@ﬂﬁbg{i el d effect
transi stor structure useful for high-spee ﬂRY‘Ebﬂ% e

subm | lineter-wave and m | linmeter-wave applications. ’ Pr ef er abl y: t he
epitaxial field Lr.ansi stor _structure includes a high performance Ge
channel in a st FE’%:S% E’&%&#lﬁ%%rcﬁ%ﬁ’séﬁgﬁd’cgq[ﬁ‘_’iSS"Bﬁln&?rcpgéqqn:‘@é efieMaghil 2 999\per s
to formClV? davices qr circuits, high electron nobility transistors

(HEMT" s, aftek ﬁo&g}* &t ﬁo?ﬂt%ge@ghépéﬁggpmemmecmhnﬁl §i/Biedd¢terostansirs FarrField
This invention provides inprovenents in nobility and transconductance over
deep submi d¢fét Doviges] rwhm% eribel @ figtdoffect tedneistof wither AhbAneBhavilddITmdsit layer
using an extrenely high nmobility Ge channel device which can be

advant ageoudlayjayepof Geand & tayer 6fSIGE b RREAE M RessRH itHBbik hz%lﬁ& '
tenperature (373 K) to cryogenic tenperatur esﬁ(0.4 K) \Aﬁg?%&g@éﬁh i g ehrls
devi ce per fifgoipsraRa hefeth RClipamb! e. WO 00/ 54338 PCT/ US00/ 06258 19 NOV
2003 Background of the Invention In high speed and | ow noi se device
applications, the focus has been on designing and fabricating high electron
mobi lity transistors {HEMIS) or nodul ati on-doped field effect transistors
(MODFETs) where carrier (eg. electrons, holes) conduction occurs in an
undoped channel |ayer such that WEigldceithehvéftidd ity is not limted by
impurity scattering and high carrier nobility 1S achieved. In general,

t hese high speed el ectronic devices are often used as | ow noise anplifiers,
power anplifiers, satellite receivers and transmtters operating in the

m cr owave inVentiof i réRtes agdda IR oA B AN bxﬁ’éonoé]edﬁ{ﬂf-e?ig ﬁb%sﬁd l’l’ﬁé{@]'x%l'y g‘spe%é &5%3 arﬁ%{e

but nore expensive I11-V materials systema ol ogy suc

INP. A congetiigdigd 188 hoe@Sigihibi! 4 habs: Leshng! ady, s ngt ve :
desi r abl en?yn t he@gem' cgnduc?'E or i ne %/S%Q\F/eﬁg%téﬁgtr%&\”és‘?g@6‘5%53\7@83‘5 &v—noxse,
materi al s i | ully ¢ tible with present_Si technol ogy, is
nore desi réﬁéeﬁ%oﬁd bgrp"ﬁe%%elfrerav 3“?%?@ LT VRN 1aRPISeIaRs. nBrefyrablyvithy epitaxiakfield
t echnol ogy, exanple of a eri system conpatible with Si technol ogy
is describ %&ﬁm{‘f‘%gpﬁ&{g"’ﬂd?c@%1@%@?%{%10? ghanegl invteystgture §@orporRting
"P.M Solomn entitled "Gernmani um Channel Silicon MOSFET" and assigned to
the assi gni¥oRend; filicop gepnaniumpiayers\en fosmoGMQsBdevices cin auinoaits, tighi edeptionpmabilitg
carrier nobiljty cgﬁzi ses an alloy layer of silicon and gernmani um which is
gr own abovi&ansistirs | EBMEish s andamendulbtienalopaly heay@trucmrd deld eHed ©4aR1@Rs. T OThis
proper pseudonor phic dislocation free gromh to occur. A layer of silicon

|5 For med iovamion eowadds urpiaxsent e miobileyird! Fbohicrhitelolef Mo YOt n!(BNMA™
dielectric layer. A gate region is formed over the silicon 5 ox1 de. A

second exaghphse] O hk@éLop el i P ce . €O tible . wt
Si technol ogy, i sngg]e)scri ged eiaﬁ{ Epng%ﬁ%I\%eyggfgsﬁE%@e%ﬁgﬁ r?r@ﬂﬁ%gi eoﬂ‘aﬁ’lf?y
9, 1996 t icE-wHicHRd ' y I nt a tal - Oxi de Semi conduct or
Transi st o?deﬁggi‘%ﬂlwl #gb%?(?\}aal}xigg%méﬁ) @%&g% %?’Wﬁ'@?ﬂ?@@%&o@ ove room

[ d ' h in. Iln US. Pat. No. 5,534,713 il 2
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are achievable,
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CMOS transistor structure is described utilizing a buried Si Ge channel

under conpr §5433¢ @i n Wi th enhanced hole mobility for a p-c

devi ce, and gﬁzt)ﬁrsl edpy channel under tensile strain with enhaﬁ@g@g@m&?ron
mobility for an n- channel device fabricated on a straine

het erostructure design. Further in US 5,534,713 the pr opiﬁdNﬁ\?ﬂZOUB
conpressi vel y-strained Si Ge | ayegasesrbubf otsh&Iivédlipre! for the p-channel
field effect transistor is descr?‘%e#a‘s—ﬁ%mmp'om tion of germani um

in the range from50 to 100% and with a preferred conposition of 80% Thus

far, prototype Si Ge p-channel MODFETs utilizing this channel design and
t
comost i e B SRR, g 1 A TP ol Wt

conpatibiljty and fabrication of a nel I\/ODFET Xi Sti )

t echnol ogyh Bgs elesHan d@ﬁgﬁg’t rtéﬁ"é‘EFOEﬁIMI ar ‘B@%"éﬁ?rs%@g ?R@Eﬁﬁn‘gcﬁﬁl‘%ﬁi%
wher e nodul ati on-doped FET structures with hol e channels consisting of a
pure Ge | apdODIETEs) gvhenn ciimiemisgededteans,bedes) epduatign occuss Bi arsuridopediichannglnlayer
particular, roomtenperature hole nmobility for a two-di nensi onal hol e gas

(2DHG) in @omoghat #hd ediriglopebilitysisr it NiaxtheSoby! impRirity SdateAind ¥ind/Bigh Lafierbobility is
reported as high as 1,870 cnm=/Vs in a publication by G Hock, T. Hackbarth,

;JGE/ E.; o WIS ’Er"%@f?% ﬁmtg‘tg?%fé"' ?&"%"“%%%’%Eept r“f’:@%"@ aﬁﬁ’l‘%g@ ? pgffter
ich i Ho :

L o B B b
sat ur at i onaRd,theeateriae élEPtip‘%t‘ﬁ“%llyh&@ %S%% regre %B?Hﬁlvr%ﬂl YometeRas gestem and

performance, a unity current gain cutoff frequency f T of 32 GHz and a

maxi mum f rteqhmiogy ouati 35 GeAvand P~ AfcoaliGitd ard eostlytlii-Neateritle techhelogy is not
" growing interest in designing and fabricating high speed | ow tenperature
MOSFETs anverpi desirable tin ahe isemizpsdiceor indplry spkereascs Jesgerpensap BiGeamaterials systém
as read out electronics for 3 WO 00/ 54338 PCT/ US00/ 06258 19 N OV 2003

cool ed i nf {R{cA0s d@tyecdniasiblelvAsH plRE&E 85 fe@nrﬁ)rogg«rrg AR dBGIaBR AT EdskF So infegrate
this end, a Ge channel ‘device structure whi can be operated in the

t enper at ur g4 ?%ﬁné%@%@@%&n%ﬂ%ﬁdﬁ&e (300 K) down to cyrogenic

t enperature | e having even higher transport characteristic

net or ost r uct (PR ETEY 0@83%?‘?24@%%#& P%ﬁ%&%ﬂéﬁ ResBRBEY B i s Pt No

operabl e at hoth _roq has bee orted i

publ i cati o °B§ 8%@ }'{giﬂSE}l géa]}gll P i@ g‘i’IPF’QH entitl eflg/gge @?‘F@PGI Silicon
MODFET's with Hi gh Transconduct ance Grown on Si Substrates” EI ectron.

Lett. 14 (MQSEE%brand assigned 3p theyassimnee fereish insUiS st pNea8.040.88%. ¢4 ahagpel hawng
ref erence. Anot her exanple of a field effect transistor having a high

carri er noimpriovegd sarrierinbilifymoniprigds apptieyllagerdfisitivon andogermaning voel istgromn alpove
described in U S. Pat. No. 5,241,197 which issued on Aug. 31, 1993 to E

Mir akam  eh siicoft Rlibstdated The ke ilsepls keptoriintkaduyh fop pté e ips@doferphixdislotation free
Layer". In U S Pat. No. 5,241,197, a strain control [ayer grown by

mol ecul ar g&m\%'&eﬁ&y A BayB¥ a\emteﬁ lsbfeﬂﬂéatdte@treedtlamg&nadday Bidized bERAmPthfough

corrpressiv strain on the ger mani um | ayer he conpoOsi tion of the strain

CONtr ol | ayek )5, HSRA A FAPNE Al el ﬁxs%HPJdeosv%H‘n%sslﬁE){i‘ng xglhe carrier

nmobi | i ty | ral ne ger ayer 1s report e 3000 cn¥/Vs.
- However, no rreasur rrents or, ve be bsequent |y publ.jshe .
properties orA&ean )Fé?’@ﬂe of Fg@megaﬂ%n%g "Flsggc%’if’e‘-'r""’f?@ﬂ@ é'm%/ @gexﬁﬁology ’

roomtenperature. Reported values of hole nobilities of Ge |ayered
st ruct ur esisadescobed irebp®r BatuNe. §1534900 wingly issuedr en fayrR kﬁ?ﬁriaglé E3 dsraih getitled
specifically in Table 8.1 of DW Geve, Field Effect Devices and

Appl i cat i onsomiplémentied Metd BBy Sémiesriducer Hardnsisionc. LdfgmoelﬂsiﬁgidStreinEﬂ vB/SiGe
NJ. 4 - 4a - 19 NOV 2003 Thus a need clearly exists for a |ayered

structure 25 ” f t MGq t f n
havi ng a cﬁﬂlrme t(i;]lhvétt h é&?&e?rne&é}@ﬁﬂ ° thfl!i&r%o%é F&Lm ﬁ@gﬁ%%&?fﬁ? tﬁ%ﬁgg‘{m
clearly exists to provide a near surface channel devrce where the active Ge
channel has high electron and hol e nobiligies and may be operated in the
enhancenment node. S ~ ' WD 00/54338 PCT/ US00/ 06258 19 NOV 2003 Summrary
of the Invention In accordance with the present invention, a silicon and
silicon germani um based epitaxial structure for a p-type field-effect
transistor that utilizes a single layer of Ge in a p-channel region is
.described for form ng a p-channel device conprising a sem conduct or
substrate -a first Iayer of relaxed Si, ~G£x forned eprtaxrally on t he

. N " o ~ r o, I - ~ -~ a1 o Y 1




The inventi OQV{’;# %@gé provi des a nethod and a p-channel field effect
transi stor hav éf remely high hole nobility in its channel POIVDB0®mIcRSE 2
sem conductor substrate, a first layer of relaxed Si, xGex, fored
epitaxially on the substrate where x is in the range fron“'(ﬂNﬁV 2083 a

second | ay undoped forned .epjtaxiaily on the first |ayer whereby
the Ge | angﬁg tg%\ﬁﬁ@ﬁgwegtpge W#W“E&b@lﬂ“&%g‘fffﬁé $iGesthannel anday campresgiug strain
| ayer, a third | ayer of undgped Si,.rGex forned epitaxially on the second

| ayer, a f it ¢hheagedholsy mobiliyifera -chanagl devicepandemburiedi $il dhynrehutidee tésile strain
| ayer, a fifth layer of undoped Si,.xGex forned epitaxially on the fourth

| ayer, and withs exitancédabectrofi mobdlapefdr Sin, ncBenefl dewee EFHdaig 8h! Y s@Rinbd&SISiGe
fifth layer. This layered structure design describes a nodul ati on-doped

het er ost r ubtterastrubraredasignh Fusthpioh U 8894, 709 thtsm?oﬁ(;sé{l Q%x#]ﬁ%égﬁve%f-it&hﬁ::a%q@e layer

Si,~Cex layer is |ocated above the active Ge channe ayer kKew se,

“the supply lag Q. |~ - of l.ayer . an he further..

separ at ed gébrgﬁ\?g a?%g %H(%tﬁ ?%/Pg&%gg ﬁ?ﬁrﬁgf@ ef;eg%e/&é"eslcs})?{ds %‘%fﬁgge‘ﬁﬁst Vg & CRMPORHEPN
00/ 54338 PCF/ 6.2 1 00 di t,i on of strai ned Si spacer_ | ayer
bet ween thg #?l%ﬁ{u%alygge ?fﬁlge Z}%{E% tPi&@%’, angywitl} ¢ preferadcampopiEienet O%heThUS%’r,

fourth layer and fifth |layer. The invention further provides a nmethod and a
p- channel ~ PIOPYPe P1GecR-chanpldYIODEETh ntilizing istchemnns! designcndivoimposivdri 4t thy Thomas
its channel conprising a sem conductor substrate, a first |ayer having an
upper sur f dResedrch Eentes dB ,Cor@axtion’ bavendeldi halx intdbilitied dnlyngp $61DT00AEY/ Vs at
where x is in the range from0.5 to 0.8, a second | ayer of p-doped Si,.xGex
formed epi taot seimperamuret he first layer, a third | ayer of undoped Si,, ~Gex
formed epitaxially on the second |ayer, a fourth | ayer of undoped Si, ~Gex
formed epitaxially on the third layer, a fifth |l ayer of undoped Ge forned
epitaxially on the fourth | ayer whereby the Ge |ayer is commensurate with

t toth . i ' I - Ny ., @. Si xt
| ayer of undopeareromPHPIRY Endlnhiclob of Fige BT MObFET ineBiibe § Echinlom
| ayer of updaped d? . Gexd Lor d @E'taxi ally on the sixth [ayer, and an
ei ght | ayePaSo eeB- Bi&;%}raé?, oY BEH ERHIAY (MBE ) teghnigues whepe mogulaggrdoped

This | ayergg structure design descri bes a nodul ati on-doped heterostructure

wher eby t hEELStTPetures it Bple Changels rensistipg of ¢ putsp@d laypr wate gropplby telperiar tghm

the second and eighth | ayers |ocated above and bel ow the fifth channel

| ayer and emiigay lop as@hsubatratd Uy partigulat, rberydempgrames hole snailitgffort & ewsidithénswnal

seventh | ayers above the channel, and the third and fourth |ayers bel ow t he

channel r ebgleges RBIHG) Memodulatiohidoped, siriiher GOl GeswvRbYRIBDhag Bkndreported as
p-channel field effect transistor having extrenely high hole nmobility in

i ts channehigh as1p876 tAVS irs & PloAIAGY @, mm,sir.rm&bmfw.rmﬁl,@! ohf3Yd DIKBR

upper surface of relaxed Si,,~CGex formed epitaxia on the substrate where

isinth & 9B 8rmRn L i -doped Si ..
For med epi Taeeal i on T RaRY Seray RORESIRGOMRIDR T, SRk F i), 1

fornmed epi i y [ . er fourth | ayer of undoped Si,,~GeX
formed epi %%I g%dlsyp grqSﬁﬁggﬁfﬁlﬁggf%@é@%&di hergin P’?ﬁ)‘/’ Fregee. uhﬂgpg@c@ﬂ, al, pr the
formed epi @%l al I?/ on 7, .1 I WD 00/&4338 PCT/ USO0/ 06258 19 NOV 2003 the .
fourth | ay®f Wy s2telensth devicesothe privps(ae chaang! MQDHE s iexhikited 4 magmumHaCrextrinsic
| ayer whereby the Ge |ayer is commensurate with respect to the upper
surface of transeorduetances fah6ddm$imm wisix theamaximum dreinesaturaticy arrrenf reschkabeyl to a
Si,.xGex fornmed epitaxially on the sixth layer, an eight |ayer of undoped

Si,.xGes fhighealuepf3COnAhiny Bor thé\RF pe@niaicd, @ity cariéht @ai@icﬂgaﬁ'ﬁ@m@ﬁc@g of 32
p-doped Si,,~Gex forned epitaxially on the ei ght% | ayer. This | ayere

structure GHiiaﬁdilad&iﬁﬁﬂrﬁﬂ@q@nﬁp@@dill@ﬁ&p?‘.QQWGH‘ER&?Q&?&MS&Ure wher eby the
pply

active channel is asymetrically doped 'By two su ayers of 2 and 9

| ocat ed abov : .and unequal |,y separate

dual |ayer sgggg?s itég‘]so ?‘)Sfr‘]é ;glfe r%ﬁgmsggggh?ﬁ%gn%“%mgﬂaﬁfé’rléwéggﬂ%%?ﬁwﬁm
channel , ri . e cer design.of the fifth, fourth and third

| ayers be?%@v @ﬁé‘atﬁjs—ﬁsn*%?*"sr%g%@ RS W%%ﬁ?@@?“%ﬁé%%ﬂ Pt pletromss oy
can be acconplish by the reversed spacer |ayer design whereby the top
supply layer is separated by a triple |ayer design above the channel while
the bottom supply layer is separated by a dual |ayer spacer design bel ow

t he channel. The invention further provides a nethod and a conpl enentary
field effect transistor having extrenmely high hole nobility in its channel
conprising a sem conductor substrate, a first |ayer having an upper surface
of relaxed Si,.xGex fornmed epitaxially on the substrate where x is in the
range fromO0. 5 to 0.8, a second |ayer. of undoped Ge formed epitaxially on
the first layer whereby the Ge layer is comensurate with respect to the




PCT/ US00/ 06258 19 NOV 2003 formati on of a near surface Ge channel w th high
nmobi | i ties swidekH4s3st or conpl enentary (CMOS) field effect tranBCEUSIGOLSY
operation in the enhancenent node. The invention further prqvides arﬁdﬁuod \
and a structure for a relaxed (>90% Si, xGes buffer |ayer ao iBY 1.

sem conductor substrate, a first layer of partially relaxed (<50% Si,,6 ~Gex
forned epi teoedinfardydatcapnsi St groaessory, amt low neiae apphfiérag)Tonthisr end; lacGesghannel
content of the layers is increased in a stepwi se fashion (or a |inear

fashi on) o He\gbﬁestﬁ}égﬁﬁ hWHidh ARbeopefatddintthetempagurk raigeaen rodin tehperatand (300 K)

0.9, a secon ayer of Si,,,Ce,, forned epitaxially on the first |ayer
wh 'y = + d z.is i i " .
ror a1 ne dpupdp Hgebpit lebibeie (PSR Rpfe niind eon Mpheg AR clafucteiee i

epitaxially on the second | aye ere the,Si ., cGer~ Jlayer. i s now.qor
rgi ax)é:j as){*@dﬁﬁﬁéﬁ@éaf’% ﬁ’i‘ee"ﬁgﬁpgﬁﬁ\’,g] ?’°8‘§P‘f‘?"ﬁ49é¢dr%&§}>@d}1 r??tglffi')’{e?\%}g% (f;l%g.ole

The extent of additional relaxation due to this "over shoot" |ayer_of Si
... Ge,, doehantelpmmeisting oftpure Kecwhick is ererably a5 hotly spomyiereperatire andnatygduiK dag heen

limted by its critical thickness on the initial partially relaxed Si,, ~Gex
| ayer. In ihprieasea pusiiation By GUeKbsig anti Fn Sehafiler enGtiéd ¢p-TypeGedihaonel MOPEET's
is preferred whereby the first "over shoot" is a Si,.,"G", layer where m=

0.5x, and 1% 55 AP shscOMREERAROG oW 8n i Sibstrafes”, Elodtedn. Weer Beth H (4),14 Aparid9%,
is in the range of 0.01 to 0. 1. is an object of the invention to provide

It
a layered str. e P ) D field effect transistors to
be formed !RB\%H%?(SZ‘%V\%nlrg]g\c%o&ﬁ@%ﬁ{}rlgkﬁy |Hg' hole nobility. It is a

act i ve channel AoIeE xRt ebehmR el R B R cd R o i
one aspect of the present invention there is provided a |ayer str.LLcI ur
for forni ngpeedcandniowl temiperagure fapseation i AescEbesk 1 Hoﬁr&qt-sNﬁgﬁPéélg hgyhich issued on
crystalline substrate, a first layer of relaxed Si, xGex forned epitaxially
on said subsigr 3¢ 196%ne KcMirakemi eh ak entitledn“ TrasistemJeovidednwith Stxained . Germgnium
second | ayer of doped Si~ XGex fornmed epitaxially on said first layer, a
third I ayen ;9 undapsdpai. INoX sGe, 1001 aBtraiapionasi hlyéygremwnskyi slolkedenbeanagmtaxy &
fourth layer” of undoped Si, xGex fornmed epitaxially on said third |layer, a
fifth layer, of @% B&H aYetmarfinys 1dyef fErhpRBd & BdrhptekdivesirannbsltHequerrhimitrayayer. The
sixth | ayerp"%lZld ?or mg?eepi t axi glgl y or?%sai d fﬁtth | ayer whereby said sixth
layer is under c ! i i . 1 tfing e J:cﬁ'ﬁpsr {sRRMstialrS The carrier
critical tWPaPﬂﬁﬁéWﬁ??*ﬁe %/‘gaé’gté’{é‘?‘hﬂég’ﬁge‘pg%ggf l?r #‘aﬁ%e of saied first |ayer,
and a seventh |ayer of Si., xGex fornmed epitaxially on sai i I

wherein a dJRqbilit ’l“eF]TceF“%‘P‘F‘{jc&eﬂpg’llﬂ?nelgzt'rd’sf ﬁpgﬁeﬁj aS?eS € o@@e?}g;@g' S?‘Yo?&)gégrk e
the case. umesmeyremenia o6 dnie/barhapTGEe BB B IblDes B GegipRAT R RgRred s
present invention there is provided a | ayered structure for formng,...

p- channel fvied hobilifiexover 280 cmt/yis t tonmp tampjerajurea Repegee valupsefhale Rbiliies of Ge
substrate, a first layer of relaxed Si,_xGex forned epitaxially on said )
substrate vwhrrel srichirackt roomaemperaturt bé 19¢hge’/Vs era Ousd oo pages3 1 Snangespgeifically in
| ayer of doped Si, xGex forned epitaxially on said first layer, a third

layer of Uﬂglg%m%%ﬁiéf_w GRAEE @R EfMdt aDbvicddn ahidi A%fgmmm bablished an f 1998t by
| ayer of undoped Sip ,rGex forned epitaxially on said third layer, a fifth

| ayer of for i taxi PRsal ff ourth Tayer whereby said fifth

| ayer is Sﬁﬂswﬂggﬁﬂfgééﬁg@gi$%%.n a%a 1as a thickness |ess than its
critical thickness with respect to said first layer, and a sixth | ayer of
Sil xGex formed epitaxially on said fifth | ayer, wherein a strain relief
structure of said first layer of relaxed Si~ xGeX includes two over-shoot

| ayers, Si, ",CG", and Sil_"Ge", for the case when x is greater than 0.5 or
having a preferred value of 0.65. According to still another aspect of the
present invention there is provided a |ayered structure for formng
p-channel field effect transistors conprising: a single crystalline
substrate, a first layer of relaxed Si,_xGex forned epitaxially on said
substrate where Ge fraction x is the range fromO0.5 to 0.8, -10a - 19 N
OV 2003 a second layer of Ge fornmed epitaxially on said first |ayer whereby
said second | ayer is under conpressive stréin and having a thickness |ess
than its critical thickness with respect to said first layer, a third | ayer
of undoped Sil_xGeX forned epitaxially on said second |ayer, a fourth |ayer
of undoped Sil _xGex forned epitaxially on said third | ayer,




a fifth layer of undoped Si~ xGex fornmed epitaxially on said fourth |ayer,
and a sixth layer of p-doped Si, XGex forned epitaxially on said fifth

| ayer , wherein a strain relief structure of said first 5 axed
Si| _xGeX includes first and second over _ghoot |ayers, agPNQV ZQﬂB
Sil_"Ge", for the case when x is greater than 0.5 or haV|ng a preferred
val ue of 0.65. According to still another aspect of the present invention
there is priwisdeneed dlearbr edsts foructayeed fsoncthny which alosk doinplchinmel Geklf dfeet
tranS|stors conprising, a single crystalljne subs te, a first layer of
el mxed S remor Bt heiast hadnge E DT it 4R BBeD S SUR SIBI. v 2t on x
is the range from0.5 to 0.8, a second |ayer of Ge formed epitaxially on

said first |ayer whereby said second |ayer is under conpressive strain and
havi ng a t hFleienedurthes iced iedagrlytaxisy itq preyide fineRi e &aoR thanmeésm@p where dhef

Second | ayer8 Fo i Boe Met OEORSE b Lol RALIRS R T Bronfed MIRL o

third | ayerenhanctnzent ifodh. | ayer of p-doped Sil _xGex formed epitaxially on
said fourth layer, wherein a strain relief structure of said first layer of
rel axed Si, XGeX includes first and second over-shoot |ayers, Si, ", G",
and Si, "Ge", for the case when x is greater than 0.5. According to stil
anot her aspect of the present invention there is provided a | ayered
structure for formng p-channel field effect transistors conprising: a
single crystalline substrate, a first |layer of relaxed Si,_ XGer forned
epitaxially on said substrate where Ge fraction x is in the range fromO0.5
to 0.8, a second | ayer of doped Sil_xGe x forned epitaxially on said first
| ayer, a third |l ayer of undoped Sil_xGex forned epitaxially on said second
| ayer, a fourth layer of undoped Si, XGex formed epitaxially on said third
|l ayer, a fifth layer of Ge forned epitaxially on said fourth | ayer whereby
said fifth layer is under conpressive strain and has a thickness | ess than
its critical thickness with respect to said first layer, and a sixth |ayer
of undoped Si ~ xGex forned epitaxially on said fifth | ayer, -10b - 19 NO
V 2003 a seventh layer of undoped Si f xGex forned epitaxially on said
sixth layer, and an eighth |ayer of doped Sil XGex formed epitaxially on
said seventh | ayer, wherein a strain relief structure of said first |ayer
of relaxed Sil_xGex includes first and second over-shoot |ayers, Sil_,nGe",
and Si, "CGen, for the case when x is greater than 0.5. According to stil
anot her aspect of the present invention there is provided a | ayered
structure for formng p-channel field effect transistors conprising:



a si‘ngl e cry%@wg‘gﬁ substrate, a first layer of relaxed Sil_xGex forned
“epitaxially on sald substrate where Ge fraction x is in the r a@eusoomsss. 5
to 0.8, a second | ayer of doped Si, xGex fornmed epitaxially on said first

| ayer, a third |l ayer of undoped Si~_xGex forned epitaxial I1y o&r@\?iaébﬂs cond
| ayer, a fourth layer of undoped_Sil xGeX formed epitaxiall 9 3?hi rd
| ayer, a fifth |ayer of undoped mi of; € axially on said fourth
| ayer, a sixth layer of Ge formed epitaxially on said fifth |ayer whereby
said sixth layer is under conpressive strain and has a thickness | ess than
its critical thickness with respect to said first |layer, and a seventh
| ayer of updReB&dande witiEBe&oieod: Ve of. sai d sixth |ayer., a eighth
| ayer of undoped Si I\ilYGe§<<pfeorne e’g‘g%“t géilhg% %’dgh‘cé’éig&'"?é‘%‘ht”ﬁ" §oipaal étﬁ'g“t‘éfe
ninth layeg of dope | = x formed epitaxially on said eighth |ayer,
“wherein a {8{ *aP g"&eﬁ?@feﬁé&eﬁwlﬁﬁ%q&t gtﬁ‘zas fi ?’&gllaéfﬁ’épf(ﬁe e P acebrngel| regigayis
i ncludes first d second over shoot |ayers, Sil_nCGe", and Sil_nGen, for

t he case W@?g!}ergmats

e Prehanseldeyicsr camprising sasepriesindnete swbatrate, offirgt. 16ger of
According to still another aspect of the present invention there is

provi ded arelazgiBiedies formed epitaxially of thersubayraze Wtere ttrGetradtionlxds kY the ednge from 0.5
transistors conprising: a single crystalline substrate, a first |ayer of

rel axed Sitb_x&ex sécondreayecof pabsped Bi.Gd) fomed tﬁﬂb)‘éhll}a?ﬁ N BFE 1d50r, gﬁﬁil%r bf

is the range fromO0.5 to 0.8, a second |ayer of G& formed epitaxi y on

sai d 111 studdBYaY SIYICRL Rihedd ihxP 6 thel UG thyer UHGHN BONPLATALNE: S IGH, RrARg

having a thickness less than its criti ckness resp D sa

first layel. j I I u ed S Cex formed epitaxially on said
second | a?g}t?ﬂgwab%%eo%ﬁﬁa%%gyaeﬁﬂg?ayﬁépt uﬁoéﬁeéc%‘r‘{}ﬁ‘ g"&"ﬁé&&p‘éﬂ“@}éﬁ o ﬂﬁi Pgrth
| ayer, V\,hﬁrei n,a lﬁtd't?lign éﬁl lhglf structure of said first |layer of relaxed
Sil_XGex |6 Lhq theqush fifthJavers,baviRges progrsssively jases valge of x ansha laver value of
Sil_"Cen, for the case when x is %reater t han 0.5. 19 N Ov 2003 - 10c
Accor di ng Feddup{ bagkeeawad Kenicentsgsiontot efdophes, p sisthdayer iofiundrped Get foemed éptaxially on
provided a | ayered structure for formng a Ge channel field effect

t ransi st orthe 6fibvddyst whereby thier(Gg lByerriy shddr|compressitas straid end fenfaifsSdonransiiratef with
rel axed Sil_XGex forned epitaxially on said substrate where Ge fraction x

i s the ramgsebtr amtie Girst celx@ SH.GE&CRNe, laay el seenfieldyer BEGn8BbddasE oy, APmed
said first |layer whereby said second |ayer is under conpressive strain and
having a tepitekilpen theshidjan Athnfetdlldyel @) bd mg@ﬁ}ﬁﬁp_atterned over the seventh layer to
form the gate of the p-channel field effect transistors while the drain and source regions may be
formed by forming p regions on either side of the gate in the layered structure. This layered
structure design forms a modulation-doped heterostructure whereby the supply layer or the
second p-doped Sii.Ge. layer is located below the active Ge channel, the sixth layer.
Furthermore, in this layered device structure, the spacer layer which separates the active channel
from the supply layer employs a triple layer design comprising the third layer of undoped Si..Ge,
the fourth layer of undoped Si:..Ge.. and a fifth layer of undoped Si...Ge, of progressively a lower
value of x and a lower value of residual background concentration of p-type dopaﬂt. The
progressively lower background dopant can be obtained by forming undoped Sii..Ge. at a

progressively lower temperature.




with respect to said first layer, a third | ayer of undoped Sil_XGex fornmet
epitaxi al |y woexssdB8second | ayer, a fourth |ayer of undoped Sipé&piReghe2ss
epitaxially on said third layer, and a fifth |ayer of gate digl i ‘
formed on said fourth layer. According to still another aspitge '@év ?@03
present invention there is provided a |ayered structure for formng a field
ef fect transisthhe invempiohsfurther provideslaemethpdt aud| a rpectmui tfiekt effec transistor |layiog.
of relaxed Si~ xGex forned epitaxially on said substrate where Ge fraction

x is the rgnagndiy aiphthore hdobfinSin its GRAMNdomPhahg @fseRoh@IctBrbuBRtatéd frkd lyerof
said first layer” whereby said second |ayer is under conpressive strain and

~having a thi sAde Lt i.C F j
First o) ayel SGaas Fapise Bt h he s AeCHRER S 1 Tnd TERE ok 0.5 08, o
second | ayer, first. Schottky_ gate el ectro formed on said,third |

first sour8&OPeJIYEh OHP- Oﬁefiré‘t*c%yt%mfgfﬁﬁﬁ“aﬁdmf hea réblpaéiﬁr’ Gridrdjlaper 8? @‘i‘?*’&&_
first gate electrode, a first drain region of a first type forned_ and

| ocat ed on ShkGeofdreed seritexigy ©ai ther secand dayes 2 fourth Javer viferndoped §ij«fgy formed
field-effect transistor structure is formed of a first type, electrical

i sol ati on egigixiully corthatthidd byer fiee it end ifowrth éyersaiaving agiropressivelys mivar valie of x
| ayer through said second | ayer, a second Schottky gate el ectrode forned on

sai d third,h@yfwdQalde STHESGUM Eﬁkg@%ﬂ@%ndeﬂt_rﬁtﬁirfbf%-@?é dbpeant, 4 S AYeraf undoped
regions to be electrically isolated fromsaid first field effect transistor

t t , . i for 1
O AR SOt R B e g

one side of sa ate electrode, a inregion o

second type forned and.l acated on th t her .si de of.. sai d._secon e

o) ot 1 ode. b ered Suofle T o P8 e bfErdiPef Supf ot lefBh onme fh
second type. 19 NOV 2003 - 10d. According to still another aspect

f th
present i niayer.iips {ayered §tBICHIr® dRHER dgSCHREN B ANqdpatioprdeped hererosapture WIC‘)%FQY the
effect transistors conprising the steps of: selecting a single crystalline
substrat e, shgplyriayer ar therpsdoped Sér.Gef layer| ailaydr Siib sop@aredefpomakhe adtivg povhannel af the
substrate where Ge fraction x is in the range from0.5 to 0.8, formng a
second | ay gfhQdyer BpadoTble layeiespaceridesign af kiye tirdaad ourihrSil.Gealygers. forning a
third | ayer of ‘'undoped Si, xGex epitaxially on said second |ayer, formng a
fourth layer of undoped Si, XGex epitaxially on said third |ayer, formng a
fifth layer of undoped Sil_xGex epitaxially on said fourth |ayer, formng a
sixth |ayer phe iseerihntfanhel provides ssmettlod afid b plohyeiel Béle effbyr tsatistos havidg dxagmely
i s under conpressive strain and has a thickness less than its critical

thi ckness %éﬂ‘hél@%ﬁ’&dﬁit&iﬁ iis%aw%mﬁﬁmgﬁes_egﬁco%ahamlf §ubSirate 2y Sist 1hyr 6F Relared

seventh | ayefr of Si,_XCGex epitaxially on said sixth |layer, and

Si,.Ge, formed epitaxially on the substrate where x is in the range from 0.5 to 0.8, a second layer
of lundoped Ge formed epitaxially on the first layer whereby the Ge layer is commensurate with
respect to the first relaxed Sii..Ge, layer, a third layer of undoped Si;..Ge, formed epitaxially on the
second layer, a fourth layer of undoped Si,.Ge. formed epitaxially on the third layer, a fifth layer
of undoped Sii.-Ge. formed epitaxially on the fourth layer, and a sixth layer of p-doped SiiGex
formed epitaxially on the fifth layer. This layered struc£ure design describes a modulation-doped
heterostructure whereby the supply layer or the sixth layer of p-doped Sii.Ge. layer is located
above the active Ge channel of layer 2. Likewise, the supply layer or the p-doped Sii..Ge: layer

of layer 6 can be further separated above the active Ge channel of the second layer with the



f or ni ng fi rs%, %%4$a§cond over-shoot | ayers, Si~_",CG", and Si,_"Gen, within
ca strain rel 'O ¥cture of said first | ayer of rel axed Sil|l PCTAS06062he

case when x is greater than 0.5. According to still anothe g;ﬁmmm
present invention there is provided a nethod for form ng p-c d

effect transistors._c [h<d:Ng.the steps o sel ing a sin crystalline
subst r at e, 24PEPR; Ag? a?g)r]g?% Fé t§ ! Isg§/cee r %ﬁer fbgﬁv%ﬁ?g c}g%%%_xl@g? "é’ai ?’gh ﬁ%}fef’yoro;}t%t’a ely
substrate where Ge fraction x_[s. in the range from0.5 to 0.8, fornmng a
second IaJ@PN%wtb%gwﬂhﬁﬂﬁiﬁﬁ%ﬁﬁ@BWFéxiaIIy on said first layer, forning a
third | ayer of undoped Si~_ xGex epitaxially on said second |ayer, formng
a fourth layer of undoped Si, xGeX epitaxially on said third layer, formng
a fifth layer of Ge epitaxially on said fourth | ayer whereby said fifth

llayer is underTiomvemss Rethet peovideaans me@ifodaarddhh GKARRSel | RS efffdNrdnksStor having
critical thickness wth respect to said first layer, and form ng a sixth

| ayer of -§ pRT= o]l Lat 1 i L r I tel
anot her | aspseeRrtigh HoRrhBbly At Shainl obrAE Y serlEALALE GRS b et layer
form ng p-,channel field.effect, transistors conprisin he steps of: . .

el ect i ng R wrs sl fesdirick: Bried 2Ry B b SupRlEB e 1 dy indg
Si, xGex epitaxiallg on said substrate where Ge fraction x is the ran?e
from 0.5 trangg om 0.2 1988, apsgequa\layaod prdnped Biy-Hestormetieniteyially on thgfirst layer, a
epitaxially on said first |ayer whereby said second | ayer is under

conpr essi wbird fayer of wmddphd i vge.dotrhéd epitazislly e thet seaondi layerca faurthdayer lof ohdopss
Wth respect to said first layer, formng a third | ayer of undoped Si,_ xGCer

epi t axi al |84, G, forindd epicaxiully loa ke thirdQayet, Adfifth lh@dt Iof lindcpee IGedbrmbackpiedally on the
Si~ xGex epitaxially on said third layer, formng a fifth |ayer of undoped

Sil_xGex egjfifxdyet WheRBy R Qe 98 fslbokeBiuratt it Rpedt & the Q)Fbé%%l:faég ofthe @ped

Si, xCGex epitaxially on said fifth layer, and formng first and second

over - shoot Lo hvers I o i E=hi ' [ r ure
of “sai d 1SR S50 ver, PR of unddig sy Boted oh ol Bl i gl
of the present, invention there As provided a nmethod fgr. form p- Gchannel
Clel d el f cEvonh iAYer & dﬂ"g%%ré‘ﬂ-fdé‘? &5”’?"!%" %‘S@Y 6 10 Spit {ayefy 2 d dp n%%cfﬁqaye’ of
crystalline substrate, formng a first layer of relaxed Si, xGex, )

epi t axi al |RrdeppdsSii-Gres fsmed spikialu 0B the st faveh TS layeregostiushige desiggescrives &
0.8, formng a second |ayer of Ge epitaxially on said first |ayer whereby
sai d secormdoduation-daped gtarogmpre ydiereby she acvea dltanhelvis raymmetrichliyk depest by &0
than its critical thickness with respect to said first |layer, formng a
third | ayesupplly layedopfttie Second Ged eigpilt laydralocyted aboai ad deloonte ity ehannkolaydragd a
fourth layer of undoped Si~ xCGeX epitaxially on said third |layer, formng a

fifth | ayesquelly sepafipaicbySh duaXGur Spictidesigh loy thersbaRiafld Eevefith Nayerysbbye thedthannel,
formng first and second over-shoot |ayers, Si, ,nGe,n and Si~ "Ge", within

a strain rglqge dirang Fourth Byer$ Blidwithe c‘HanAe?Yé?,bedﬁfvel?.el axed Si~_xGeX.
According to still another aspect of the present Tnvention there is
provided a nethod for forcing p-channel field effect transistors conprising
the steps of: selecting a single crystalline substrate, formng a first

| ayer of rel ax Si~ xGe itaxi.ally on said substrate ere Ce fraction x
27 Fh The T angihe RYSTROT Srien FBOViRts: Kl wih 3 Richanar et et PneRter Hecie
epitaxially on said first |layer, formng a third |ayer of undoped Si~ xGex

epi t axi al | extysmelys high Jwicr mabilityy iy its channelgpmprisiogra pemiegnductor subsiaiged first layer

Sil_XGex epitaxially on said third layer, formng a fifth | ayer of Ge

epi t axi al | having saipber curfade dfaylexediBierGeb yorsri epftadfidlly drashe rsubssraternlisare x is in the

conpressive strain and has a thickness less than its critical thickness

W th respefingt ofR0.d tbigSta teaymd 1a¥é10<5ﬁ13-a@pea Sil GehfdrmyE epitiially @0 RRAfISE layer(eX
epitaxially on said fifth layer, tormng a seventh |ayer of undoped

) P s Kb S o hOlesonfp s D g
f ' figst d d. -shoot, .| S~ ~CGe", Si,~ " . Wit R
Lo, e WA 0 e e 1 B

According to still another aspect of the present invention there is
provided a nethod for forcing p-channel fqeld effect transistors conprising

the steps of selecting a single crystalline substrate, formng a first
| ayer of relaxed Si~ xGex epitaxially on said substrate where Ge '




fraction x is in the range from0.5 to 0.8, formng a second | ayer of d,opéd
Si|_xGex epi vazioabd3gs on said first layer, formng a third | ayepcaiyssodoesd
Sil XGex epitaxially on said second | ayer, forcing a fourth | r % ‘
undoped Si~ xGex epitaxially on said third layer, formng a ﬁladteNOI Qgﬂaof
undoped Si, XGeX epitaxially on said fourth layer, forning a sixth layer of
Ge epit axi ahe fourth lgyerda fiktht laydr of andapied (Gebfprmed epitaixialiyn oh alyeefifth tayemerbereby the Ge
conpressive strain and has a thickness less than its critical thickness

W th respeqiyef Gs *8inthehéurate Widly eéspeétotronihﬁgjp?exs eureate hofl thy efirsiofelaied BinGe. layer, a
Si, xGex epitaxially on said sixth layer, formng a eighth |ayer of undoped

Si, _xGex epbidi gabrkryo%d%ﬁédjSE@é '?&lﬂleh@éﬁimial]fygfnmhggix% RyE Bn leftelayef oﬂgﬂaﬁﬁkd

Sil _xGex epitaxi y on said eighth layer, and formng first and Secon

over - shoot J.ayer Sy, " , i~ a2Ge" wihin strain reliek:
atructure. ok dprmenspitesipby of e Shvamiugr, M\ B i papRE D e formed
anot her aspect of the present invention there is provided a nmethod Io_r
formng a @pitavallihen theegighthslayss: Tiysalauered Frugtyrg desigm (loseribes 13 grodytation-doped
selecting a single crystalline substrate, formng a first |ayer of rel axed
Si ~ xGeX ephetanastaicture sherehy thesachive chanpelwhesymmetidatin dopagrbyxtwossupply layengyef 2 and
from0.5 to 0.8, formng a second | ayer of Ge epitaxially on said first

| ayer wher epypcamihbses andl bbidwethe i chantRNRBercO and @aedualy Séparated dnd dail ilaygr spacer
thickness less than its critical thickness with respect to said first

| ayer, for fla'feggn BfhM &?eﬁtﬂ%ﬁﬁﬂ le@ﬁnwaygpﬁsbv%immﬁ%l,ew £Xhigle hayepfpaaai dksiph GP sk

| ayer, and mng a four ayer of gate dielectric on said third |ayer,

and formn i .St .an e ver-sho I Sl 1 R ' M .
W thin & ot o PR AEE TRy L Rhapelplur gl  Fins TR, A spineftieRly dopine
According to still anpther aspect ,of th resent inyention there is.
provided a qqﬁthmcwaﬁlswwm Versed SRASSTPUFT GeSign VTS e 9P FHOPLY lgber is separated
conprising the steps of: selecting a single crystalline substrate, - 10

- 19 NOV 200y3a trplenlaygr design akove dhe chappelrwhilgytbel bottomyaopMydpyer 4% penararebhy %gual
substrate where Ge fraction x is the range from0.5 to 0.8, formng a
second | aydayepfspdder dgsignchelad the cbanrshi d first | ayer whereby said second

| ayer is under conpressive strain and having a thickness less than its
critical thickness with respect to said first layer, forming a third | ayer
of undoped Si ~ xGeX epitaxially on said second |ayer, formng a fourth

l'ayer of undopggh RveRidnlfBh& prioviass & Hethoingh ¢NREmert Ry MelD effect tfahbistoRiBling
of gate dielectric on said fourth |ayer, and formng fifst and second

over - shoot | r S | . S|~ M L I Al [ r

of “sai d i reureieyepigh nolCHRb AR i} oPE coblebithR, £sEHUp{oF sl "L Bis i
of the present invention_here is pgovided a nethod for formng a,.field.

of fect 1 r arBvingsAn WEHe SHEIH P! FREx Sipdieoformeg CBEPTslly oF theyPrurats lets X Sia the
substrate, formng a first |layer of relaxed Si~ xGex epitaxial I¥ on saigl
substrate wasgefrom G.§ s 0iBon sscond layrof undgred G froed epitaxielly on the first layer whereby

the Ge layer is commensurate with respect to the upper surface of the first relaxed Si,..Ge: layer, a
third layer of undoped Sii.Ge, formed epitaxially on the second layer, and a fourth layer of gate
dielectric formed over the third layer. A doped polysilicon layer may be formed and patterned
over the fourth layer to form the gate electrode of the field effect transistor while the source and
drain regions may be formed by implanting either self aligned p-type or n-type regions on either

side of the gate electrode in thé layered structure. This layered structure design describes the



forming a secvgaqo/g%xgr of Ge epitaxially on said first |ayer whereby said

vsecond | ayer 1S under conpressive strain and havi ng a thi ckneseCcT/esen/dsbssn

its critical thickness with respect to said first layer, formng a thi g

| ayer of undoped Sil xGex epitaxially on said second |ayer, 1(9?NGM aﬂb r st

Schottky gate el ectrode on_.sai hird layer, formng a first source region

of a first af%’?ﬂ%t‘°£nﬁr 3 ‘beéhf‘gﬁi’%ﬁ%cﬁsi‘ém?f Wéﬁ&ghsra%htqu syitablgfos complementhey (CMOS)

~forming a first _drain region of a first type and | ocated on the other side

of said firfield gffecetransistars uoppratienimtheefhiancemeni mbde. ef f ect transi st or

structure is fornmed of a first type formng electrical isolation regions by

the selective renoval of at least said third |layer through said second

| ayer, formng a second Schottky gate el ectrode on said third | ayer

posi ti oned WThe iiwaies furfher prviie®h SdthdCald 4 &ﬂcﬁhb%@\- WQL&QS(;‘)Q%?"SL Ge, buffer
ect tr or “structure,

electrically isolated fromsaid first field e ansi st

formng a ' j nd - and.l ocated .on .0 j.de,
sai d Secondoarem R ng 2, ey lbr SUAERTS S RoflP pRIALY e (3OS
type and chat d on the ot her. si daﬁ' of sgi d second gate el ectrode whereby a
second fi el"dmsd puaxially b stepwise grading: (F ingas graging where the<Ge gprientyafethe layers is
11- 19 NOV 2003 Brief Descrjption of the Drawi ngs These and other features,
obj ect s andncAeAPeth it stepwise dshiopr(es ardinedrfoshinn) on the subsbretecand Jajspiartke range drom
consideration of the follow ng detail ed description of the invention when
read in compowcd. ] emalwiut B.% heeadndiayagof 81,08} fofnedédtaxiblly Sn PheCHRSIRyEFdrOP = x

view of a layered structure illustrating one embodi ment of the invention.
Fig. 2 is a Shid gimme ralze\sk 001 th0, 1 GrhiGPRARE TS WviePFElALe {5 QQQ%F%@I&Qh%:@and
fabricated sanple structure shown in Fig. 1 illustrating t%e preterred Ge

00/ 54338 PETT LSBT EDSE e ToeR Py THRE SRl L e RAC it iposy
the upper Pﬁ)orrg iragxe%f- asFE:cgﬁpa%edt % %edoerPgtlrt]al,ogart?a lgurgla%gdogi.fGe, layer one. The extent of
additional relaxation due to this “over shoot” layer of Si14Ge, does depend on the thickness of this
layer which in turn would be limited by its critical thickness on the initial partially relaxed Si.Ge.
layer. Inthe case when x is greater than 0.5 a double “over shoot” effect is preferred whereby the -

first “over shoot” is a Si..Ge, layer where m = 0.5x, and the second “over shoot” is a Si,..Ge,

layer where n = x + z and z is in the range of 0.01 to 0.1.

It is an object of the invention to provide a layered structure which allows for p-channel field

effect transistors to be formed having a channel with extremely high hole mobility.

It is a further object of the invention to provide a p-channel device where the active channel is a

strained Ge layer.



showi ng the B and Ge concentration for the nodul ati on-doped devi ce region.
Fig. 3 shows data points plotted, in a graph showng the hole nobility

versus Ge channel width or thickness. Fig. 4 is a detaile : jonal
TEM of the upper device region of the fabyg cated sanple sﬁ {imysﬁﬁﬁam in
Fig. 2 illustrating the Ge p-channel nodul ati on-doped device structure of

t he enbodi nent of the invention. Fig. 5is a graph of the neasured hole
nmobi ity versus tAmpedaigutoeonenadpettvoi thekprefano intdatibn rthers s girevitied andyered

associ ated sheet densities. Fiag. Is..a cross section view of a |ayered
truct ur o i FNCHee 40t R EgeARe chal SRR RS RO RO on. Frg. 7 s a
cross section vi eys@bledriaMBheshbsiratgct ure illustrating a third embodi ment
of the invention. Fig. 8 is a cross section view of a |layered structure

il lustrating a fo#rdtst laysoefi setaxed $i.-ee formasnenitoniallyiqp sad jssbyirate where Ge
section vie ] f | lustrating a fifth enbodi nent of the
i nvent i on. ?ﬁaﬁon%*s%egg’}%ﬁ%@c@/ 1800/ 06258 1 9 NOV 2003 Fig. 10 is a
Cross section vi easabnd ldyiegbf dapled ISi t Yrep fdvidel Efitaxiaty qosaid firsgldybe | ayer ed
structure of Fig. 1. Fig. 11 is ross sectjon view of Ge channel

p- MOSFET i ncor por%\h‘?ﬁjgla?ﬂé’jfluﬁg‘@?egdsclétéﬁt@{}?‘éi ‘E}’flta?ﬂa_ Yy op sa isﬁ‘?"@ga}"g’ a cross
section view of aa @urENEXerMOhETped S| R, FdtaRHRPTtAI ARG £i8d tiddiehgsd, structure
of Fig. 1. Fig. 13 .is a crqgss section view of a | ayered structure

illustrating a si kfifihdwissaf nedapedPlrdis: fornedh epibrrially qp saibiqurty layesr oss
section view of a,Ls; Lk L Lk [

the invention Fi g? El%ﬁp{ag&a&g?%géﬂgggw%ﬂnﬁwg{vé agk? ﬁ?@%%ﬁ%@%%%@@ge
structure forundpecanpresyiverstam axhimaseshiekoessbate thandtsrqoisicalt thivgnedsevitlaxespeet]

Lot O G Eond iR i B R oot oo o1 @ O chamnel” chos

a seventh layer of Si,;,Ge, formed epitaxially on said sixth layer, wherein a strain
relief structure of said first layer of relaxed Si,,Ge, includes first and second over-shoot
layers, Si;.mGe,, and Si,.,Ge,, for the case when x is greater than 0.5.

According to another aspect of the present invention there is provided a layered
structure for forming p-channel field effect transistors comprising:

a single crystalline substrate,

a first layer of relaxed Si;.,Ge, formed epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,

a second layer of doped Si,..Ge, formed epitaxially on said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,

a fourth layer of undoped Si,.,Ge, formed epitaxially on said third layer,

a fifth layer of Ge formed epitaxially on said fourth layer whereby said fifth layer
1s under compressive strain and has a thickness less than its critical thickness with respect
to said first layer, and

a sixth layer of Si,Ge, formed epitaxially on said fifth layer, wherein a strain
relief structure of said first layer of relaxed Si;.Ge, includes two over-shoot layers,
Si,.mGen, and Si;,Ge,, for the case when x is greater than 0.5 or having a preferred value
of 0.65.

According to still another aspect of the present invention there is provided a
layered structure for forming p-channel field effect transistors comprising:

a single crystalline substrate,

a first layer of relaxed Si,.,Ge, formed epitaxially on said substrate where Ge

fraction x is the range from 0.5 to 0.8,




13 WO 00/ 54338 PCT/ US00/ 06258 19 NOV 2003 Description of the Preferred
Enbodi nents Referring to the drawing, and in particular to Fig. 1, a cross
section view of a layered structure 10 for a Ge p-channel WNWimgoped
Si Ge heterostructure is shown to illustrapg_the enmbodi nent

invention. Layers 12-18 are epitaxially grown on a single crystal

sem conduct or substrate 11 which may be Si, SiGe, Ge, SiC, GaAs,

si | i con- on- sapphi aee¢d8@SpyeriflGe formed epinaialbt on s{iSErdt, lapandhearetd; & bedoad k
Silicon On Lnsulato BESO )., etc. using.an epitaxial owt h t.echnj gue such
as ultra hi hﬂ%’e éscﬁ‘ﬂf{ﬁr%ﬂ@ﬂ?f? I"e\?HB‘Grar@elﬁfg’ér?&F c%t@sg/?@@%u}n H%ICEEEﬁqéPICE’&%
epi taxy ( MBRjith regpetewdisdidtfiyer 1apdr, chem cal vapor deposition (RTCVD). For a
description of UHV-CVD nethods for growing epitaxial Si and Si,.xCGex filns
on a silicon subsfthitdlayergfamdepad $is(rdermed epitaxialbypepaid mecond 188, 452 by
B. S. Meyerson whj | - [ ¥ ar at us
for Low Tenper at u?Z?mjf_@\%y%rjotafsl@g?%e%é%é’?ﬁ?egg?rﬁ%gﬁﬁt%u (I\)/QI{1 ;lggrtllﬁo la pi t axi al
Silicon Layers" whififth lageriofiandqyed & eieh formied epiyaxidiesresaid foufth 1aydraidr at i on
of a preferred |layered structyre " for. the | ower porti, f. layered,
structure 10 of Iéﬁgﬁéla{?@?p'g%d@hé%ﬁmeﬁﬂg%w P%Sﬁiggi.ﬁ%éayqti, Jherein g ons
t he corr espeighrelidbetraQIROSH dai Ot 13?510517 feRixed StNEeSintRideaTR% 88d §dcoHE bee 10
of layers 12C, 12B and 12A of Fig. as measur ed by secondary ion nass
spect r oscopyheSINSTS: S ngandSizpten dpithsaeee vipr &d8 greptecdhan ASeon havindn i n
atom ¢ per ceplre, 3 dilleo@PEEI SSa represents approxi mate depth in microns. In
Fig. 2, curve portions 12A" including curve portions 21'-31', 12B' and 12C
correspond to theAgeordmgconstilhanather aspeetyef the Iitégent deation UxTe shovevidad &i g.
1. Fig. 2A i xpanded .vi ew of . just .the top part of Fig. 2 show ng the
devi co r agi SR FIBRRIBY il SicpR) GG EE0RBR o tbbding T opresant s ce
concentration in ak@gleccrpailtiaobutandte] he absci ssa represents approxi mate
depth in angstrons._ Curve 3 ?hovvs .the concentration as a function of
appr oxi mat e dept ha firsf leygy obielaxee Sr-dicndpansshenipsially gt said qubstists wiers Ge
boron 14 fracti¥n PR/thé338e B! 450986258 19 NOV 2003 concentration in
atons/cc and curve 33 shows the boron concentration as a function of

appr oxi mat e dept ha sqgpadslpyestof &psi foamapd epitaxyally, oneaié dirgidayeasvhesghar said gecond
Figs. 1 and f S g X . u - SUERS f
cubsi r at o 1195wt SOARREST scliPhaiil & BOEIes o) M) RO EfiSH G 2ERE
conpri si ng Matheespeltito3did firahleye, 21- 31 have a preferred profile shown in

Fig. 2 where the strajn has been relieved in the .buffer .l ayerg 21-31 or
below i msubst f at A Gyer Y g S et Rl Bay o€t SRS s 1 o
gener ate new di sl peairitoager ofluadépeddi) @k, dariicd@pRaahily 6n tAd ahidiager! al@xat i on
via nodified Frank§G§®d SO &éfs i.,s,.and described in U S. Patent No.

5,659, 187 whi ch i U6 ARgIoPEg Sindtsy Iqrgice cRitatiglhn o s2id feurs) lager, phyesinon,
and i's i NCOpRehA Rlichef@ikedr a8l SraNGFer BUbhREd ISRy e, IRISREMIESET bA¥Rd S
12A, 12B and 12C and nmay be initial Iq\}/ undoped, relaxed, and have a Ge
conposi t i ono¥gr-shaetelpyes.edi 1a0petidedin. gy & shelgasewdien 8 iy greathethanfde from

fayer 12 1 act ual o aeon L RAGHE SE Y 18 hsctt BilenfafingtlTs BN
conposi t i onldyeredstuctuer foa f@misgipshaateb fidld ekt toanisistoracomprésisgioot | ayer of
Si,,,,CGev |ayer 12B V\,E:ere%l.: be z.and z is in the range of 0.01 to 0.1
with a preferred §378E GYS'YBESYSHASY over | ayer 12A, and finally by a nore

rel axed Si~. ~Gex~a flrayRyerl@Geldxed rBid,Gry ormhedly €fitak 2By v 6fi ROBStrateayBEre 168
has an overshoot of .Ge conceptration to provide additional stress in the
| ayer to i nHaePeisdn B gpeoton 10885 ce spacing. Basical |y, the overshoot

layer 12B functi oRgedofid $ARHHEAGHeRISIN A WrRRAQ 'tiﬁh%x&{éa@@f d1 >90% f or
the top Si,.rGex ~ ?surfgd(}g Iayégpre 12% at interFlace 9, In tlﬁe agr%%ferred case

of achieving a fubthirdleyenafandpped:&eGe: feryred epitaxially on said sedondbdysr,t o use an
over shoot a fourth layer of undoped Si,.,Ge, formed epitaxially on said third layer,

a fifth layer of Ge formed epitaxially on said fourth layer whereby said fifth layer
is under compressive strain and has a thickness less than its critical thickness with respect
to said first layer, and

a sixth layer of undoped Si,.,Ge, formed epitaxially on said fifth layer,



15 WO 00/54338 ' PCT/ USOQO 06258 19 NOV 2003 | ayer 12B of Sio.30CGeo.~0 as
shown in Fig. 2 by curve portion 12B ' wth respect to curve portions 21
'-31'. In relaxed Si,.xGx~ |ayer 12C, thein-planelatf'gc r er, as;
~(x), is given by equation ( 1 ): as~c~_{(ﬁ_: asp + (~ - W where x
is the Ge content and 1-x is the Si contée and as; and ac,~ corresponds to
the lattice constant for Si and Ge respectively, and consequently in the

preferred case whegveh@ 1&;@@ oBLRdcPeES9,., B2, foHkaepitdaMBS o SidSR0P lagdraxsd,

| ayer 12C woul d have a ldattice constant whi ch is greater than 5.02 ~. In
the case when Si,anxeshth laygerof 19upe adis &@ef%mﬁ%mt@mﬂym said xseyprith Hayey,
greater thag 0] te uree, |

wher eby t he P&;glta s&alﬂ%ﬁéﬁ%omﬁ% o?*é&%g firs n%g%r ?gr%%{em;x(?e 1ﬁc19%e%5§{s{ Eﬁ’d

t he second $ecovist owinsboddt layseraSSqué,,,@id Slm@n,fmhdreecane whgn ¥ is~graatelr than 8.5i n the

from 0. 01 ferred
Ful 'y rolaxed si oxeidinedt ST SHElkar et e e ijep iRty i puhidea™ 2

desirabl e tRyetee s@udtireSor fbmi@hp@ﬁalﬁu figT@effect!tRyiSiktodd comriskigse0. 3s as shown
by curve portion 28 in qu Wi th respect to curve portions 21'-31', and

a_second over shoo sisgle crystallinespbptrae, Sj 0. 30Geo, ~0 as shown by curve port| on
12B" in Fig. 2w} Iﬁr{]q%(btf reRx& @Y;%G%;T&ﬂﬁféﬁs X?t'amaﬁ% on said gtﬁ&sﬂ%ﬂl Where!

12 serves to relax the strain cause ttice m smat bet ween t e
t op surf acefragtionntieirf theaarig® fodm Ol taxe®l | ayer 12C and the underlying Si

substrate 11, 31 wher O/ alattice
spacing of 1.04 t??ﬁgg&? éi‘r"%é‘?ef‘hi’ﬁs{fﬁé f?@%%gﬁgap%%f)}no&l ofd Si n%ﬁ’g ’crystal Si.
Th ef buf f Sr L hi Ek nzeﬂﬁrdqaydl;@y&ﬁddp%dcsan@eg&gmeﬂ repm)éialfy drosddd sevohditayehe
preferred thicknes about, 4, 5 ~ m.w , ositionpal, profile

i ncreasing from x& Eouﬁt?ll ?yeéot}lléq@,eiiéaz Qeetmr@@ eg_léaxm yowl‘gg‘f@igl?é

PCT/ US00/ 06258 , , ffin N 8P8R10 é@Qi,QGe,(fé?fHB@éﬁﬁﬁxldl’lyfans@mfoﬁHHll'aSyer|'nea”y
graded fashi on) toava ue in the range fromx =

preferred val ue of sixth-lagered Qﬁsfoﬁge@e@t%@ﬁﬂ}’w sanl:ﬁﬁhéae/ebwhgr'ebs S@é Sp@h layer

ot eTent o ST R Bk eyl 5 0t i iEERD
contai ni ng foisaidsfirst lager, &d B, Si: P, SiGe SiGe:B, Sl Ge: P Sl GeC, Si GeC B,
SIGeC: P is the UHz}/Qec\:/\éxg)thqerly(I)e%% unc?opeg%SI rde)l??ormeg ep1tax1alf})/ on sa1d sixth layer,

a eighth layer of undoped Si,.,Ge, formed epitaxially on said seventh layer, and

a ninth layer of doped Si;.,Ge, formed epitaxially on said eighth layer, wherein a
strain relief structure of said first layer of relaxed Si,..Ge, includes first and second over-
shoot layers, Si;.,Ge, and Si;.,Ge,, for the case when x is greater than 0.5 or having a
preferred value of 0.65.

According to still another aspect of the present invention there is provided a
layered structure for forming a Ge channel field effect transistors comprising:

a single crystalline substrate,

a first layer of relaxed Si;.,Ge, formed epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

a second layer of Ge formed epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

a third layer of undoped Si,Ge, formed epitaxially on said second layer, and

a fourth layer of gate dielectric formed on said third layer, wherein a strain relief
structure of said first layer of relaxed Si,.,Ge, includes first and second over-shoot layers,

Si;.mGen and Si;_,Ge,, for the case when x is greater than 0.5.



5,298,452 which issued Mar. 29, 1994 to B. S. Meyerson. _ A UHV-CVD reactor
suitable for grow ng the above-nentioned silicon and silicon containing
films is available from Bal zers and Leyboid Hol ding AGin %tNQ\)’

Epi gress in Sweden, and CVD Equi pnent Cogg,_in Ronkonkons, wYor K, USA
For a description of additional UHV-CVD and | ow pressure (LP)-CVD nethods
for grow ng epitaxal Si, Si,~Gex and dielectrics with inproved interfaces,
al l oy profiles angceapmgt topstiol kd®Ber dspé@reMibe présefRaidechiod)Shede Qs Prohddedoy
J.O Chu et_al. which issyed Jan., 11, 2000 entitled, "Advanced | ntegrated
Cheni cal Valayefse SEperare fob forpmes/Bf chemebaghd chicatigansistorgaMpRSing: assigned to
the assignee herej nnaRAWMIGH: fbsirteOr Porated herein by reference. In

| ayered structure 10 for” a Ge p-channel nodul ati on-doped Si Ge

het erostructure, @& fisstdeprdoisietaaid &dbre. fermedeepigrally |y said sabsirateswbong Ge
Fig. 1is fLr f or ned er | Cto function as the donor or supply

| ayer benea rﬁa}fﬁlxdé?ﬁ%ﬁgg%%gﬂlﬁ@{ﬂq_iéer 13 may have a thickness in the range
from 1fto 20 tun agbongWeg ﬁﬁ&fm;&lepgiﬁihlganl saécaﬁtdtﬂgyedwmhem&i hd&oﬁd&e
range from 1l to 5x10'2 cm 2., The p-dqped, | ayer, 1 y be ejther strajned or
rel axed havidg 1§ ¥BdeE 6APBESHIVOAITRR ARAYHIggR tisleee s St spiisal phigness

preferred cQiReskEAD shil ﬁrgqa}_sl_e@nge of 30%to 40% and a preferred thickness
4 h

in the range from2 to nm e p-type dopant of layer 13 may be

i ncor porated in Sk third layesof vgdeped o piGey fated epitxialleen s#id eeeondfaygpHb duri ng
epi taxi al growh é@% :Ngg | ayer 13.
An exanple of a p?g%%}rlgwgggé&égﬁﬁ?n%%# e g&@??ﬁf ay er12 i's shown
in Fig. 2A by curwéfthdayer ofig&8 dimldckriaforinnd egsat dourtolmgerof about 2. 0x10'

boron/cm . For form ng. abru doped | ayer uch as layer 13 with respect to
adi acent i ayers, PEFETERde TUI e s L Pe e B iston Dt e ar i o,
1997 by F. fagkdaReu&hredor fming 4 A6ld oMREMPinsisteRIcbamkikiag: Doping In S and
SiGe Films by UHV-CVD' which is incdrporated herein by reference. An
undoped Si Ge | ayet single(eystaliee siddlitieed background doping fromthe CVD or
other growth syst &M TRkxBE s3LIRL T6th Rl ik NG bl i RLbMAIAhhke GE med
above p-doped |ayer 13 as a spacer layer. Layer unctirons to separate

t he dopant sfra¢iidnayietheldnge romtthete@Bi ve channel |ayer 17 to be forned

above. The thickn Ld. 1 i t it T hd ess
of a SiGe |ayer w?? ﬁcogéslﬁgég? ?Féeﬁoﬁggéj%ﬁ f%xg@spaga?&hgl\%atttl errlsveﬂre%%@?afgp%? }f
rel axed | aykyerlid: unflee copmpfessivedtriiniand fewimgod tHieless legs itlsani its tiigcal alngleneks om
2to 4 nmvvitn a Ce co ition in the range from25%to 30%in the case
when | ayer Y% é‘fSpFﬁttQF‘lﬁH?’éStf@y‘?ﬁs a rel axed Sio.asGeo,as |layer. A second

undoped Si Ge | ayej thirda{ % @Rlopsd\WaNIRY fdiafeld @pRA&IEoPERg sédopidyee CVD
systen) is epitaxi allé formed above | ayer 14 and simlar to layer 1
F

3

functions as a spa8Et W@r}’&aﬁﬁqlﬁﬁtf%@%@&m@lﬁélmnts in layer 13
fromthe above Ge,hanBeloe!@eh of & frkt KIS ed £ bBAEK BE She lad A¥8la ARy
shoul d remain below the critTcal thic Ss of a Site layer with respect to
the | atticegspalscigdeat interface 19 of relaxed layer 12, and the preferred
thickness is int t i rred Sjiti in
the range from 205}()??%8@%&)1%%8? hojef acggsgt%]ef\éhﬁg%/%}@@tdl g Ogl trhgﬁoéﬁeg? b1 48
Si 0. ssCeo. 6first gyteeleciiodd whereb¥na ffidlst ietth pffett atid@stbagtarctiir i foxmepdf afivsa titped
background dopi ng fraom.the CVD syste i S epitaxiall ro over |ayer. 15
o o1 milar ro 1 oger St st s Griatibyal steeve depival B e e third
separate thgyglpmltgﬁ shid Sbmrm;& fromthe above Ge channel 17 in order to
maintain a high hole nobility 1n layer 17. Again simlar to |layers 14-15,
the thickness of #a&peamd1Bchorlsy gate slpairade &praigdt ok seidi third dayernpesitinnsd with 5

Si Ge | ayer wi fiftal 1B1ih bk si6nSRAK OdciBtallyisElaledCor &aid firstBeld-
00/ 54338 chfégégﬁgg%emlg ﬁ%&} %3‘6%&19 0 re? axaec?n{sa?er C€02 'zluhe rSr e?erred
t hi ckness otfféchyrgnsigter stauckuret he range from1l to 4 nmwith a preferred Ge
conposition in the range from40%to 50%in the case | ayer 158
ol axed S 3sCeo. RS SpueP Tt € af i, BwEl R AR R et Eiefhi on
t r ansconductaonégatatelacoode, apdper at ure, it is preferable to mnimze the
layer thi cknessesa CS)ECO?IQ%?‘E%rn rlegalgr? ro? alslééolndbfype formed and located on the other side of
said second gate electrode whereby a second field-effect transistor structure is formed of a

second type.



A conpressively-strained Ge |ayer 17 is epitaxially grown above |ayer 16
whi ch functions as the active high nobility p-channel 33 for p-channel
field effect transistors. For a detail ed description of hod

for growing an epitaxial Ge filmon a si{jfon substrate, ﬂmmwg made
to U S Patent No. 5,259,918 by S. Akbar, J.O Chu, and B. Cunni ngham

whi ch issued Nov. 9, 1993 entitled "Heteroepitaxial Gowh of Germani um on
Si i con by UHV/ CVAXconding hoissilli armtiiep cispdoe bf e epirassebwmveﬁmxeﬁteee id provididra f or
| ayer 17 to b effectiv lit channel t he epjtaxial GCe
nust be of @&@P@é}orcfagmnw ‘?%i‘?%‘%rhﬁg? Etlf‘?.ﬁ‘ tlép?ﬂe{slﬁog}pr@@gég@ glepeoly. st acki ng
faults and any |r§ep€rcf1ﬁ§gsfr@m§;§§1§ngglgmr§{§s between | ayers 16 and 17. For
exanple, in the preferred case layer 12Cis a relaxed Si.asGe.6s |ayer
at interface 19, fonaingy @Rﬁﬁé@@f@ff r@iéXfP SesGarentiyiaby qmnsaith subsiratewhersrie t o
250 Angsuoﬁct%t,\hs%t@xé‘?&?g”e ERQ]I] ﬁl@rgess in the range of 140 to 150

Angstrons as shown' i h ’d be noted that the preferred
enbodi nent for thknﬁmgdmnm&i lay¢ri afldopeb Si; RGe fopitariaHy whexid|fastdayet2C i s a

rel axed Si.35Ceo0. 5SS Iae . does agre L t,h ubllshe results re the data
o ot od s n Hogming i O AP et ST B it oR sl ng, ny 1
Xie, D. Monroe, Efonﬁmg"_d foafiR 1Bleflof hddpedHi, vEE r@iﬁtaxﬁllﬁon-ﬁﬁ'l'd%lrdﬁa@/@r G P.

WAt son entltled "Very "high nobility two- di nmensi onal as in
Si/Ge"Si,."/Ge stfuomamgr ﬁlg}admfbyldﬁmdeﬁlmfa% epitarinkbyppr &649 ourfiplgyer, Phys

Lett. 63 (16), 1 y
reference. In Fi 8foﬁ§ﬁ1g %e or aiggg%e g“g‘é\“& &ﬂoéla g y??w%ﬁéﬁly mk]%\}P
and t he abslkyesa unégr@xtmrcsn@estmhamcbhasva thidkness lebs Mme@&rutlnalah@kncss veith The
rel ati onshi n the b|||ty of the two-dinensional hole gas
(2DHG) at 41%%°§A§E?H%peé3‘q§%eor§f“d@ %%Ss in a nodul ati on-doped 19 WO

001 54338 PCT/ USO0fof6itig8 se¥éhthiQye2 608, r@é@paahamﬁbmsﬁd(sgrtlowyexbund\/BE) is
shown in Fig. 3 v%ere c rve portion 34 reggesents a channel | ayer being
f

fabricated on a flarpipefustandpeegnd avseshpas Lavsts \Sélrmqﬁlmqné X Qe BHRI ALY
corres pondsreh@f ﬁn@ﬁue eRmal fiseMGer Yhictied Sif &Rl 'f&ra%@@a@wﬁeﬁ &ligpRdter than

Si 0. aoGeo. buffer |ayer grown"on a Si substrate. The peak portion of
curve 34 |n0§?{g 3 showi ng the highest hole nobility for a Ge channel
fabricated on a S buf d.

channel width in %ﬁé)pdr:la de %ﬁrl i E@B g}g&iggq g’%gr&grrgﬁg 8}%%5‘«% ﬁmé))?gdgfilaent
agr eenent wntthod e fpreing rpmeh;inmiﬁ'mdii effevt trdessionsta:empa:bmgehe Sepeoe’ t he
preferred buffer | 06sGeo. 33 | ayer as oppose to the

| 12. i
Si 0. ~0Geo. 60 | ayeskﬁ?%grrl%ﬁrs\?g eﬁ”@h@%‘@’?ﬁfﬁﬁe opti mum Ge channel width or

thi ckness woul d bRr@ingad ffst 1420 of rélxaNYSLGOMFpiaRAITRYN HE kibstB WREEd rom
150 to 200 angstrans. Fig. 4 shows a high nobility Ge channel layer 17 in a

preferred Prentt t&éé%}]ﬁetf@na[%é\}e Ufaving stacking faults typically |ess
than t 04 defect sfafm aaryéc&ﬁmagé df'aobélﬁsf adﬁa%pitﬁﬂmlylgn s4if fﬁgﬁaﬁ?f ects/ cn¥.
12: | 5 PMn Fig. 4, the smoothness of fie upper surface of ldyer 17 at

interface 36 i s showng ashisdkavieyof endoped §rleG¢eQ1Ut@é1@11Y9nl§elﬂ@ﬂPQ[ﬂ6am1 ects/cn¥
by the 90% rel ax f i is a

pl anar defect i n(’j‘%h{é{rPl gdtfgl"ﬁ?{%{ytegéfeﬁ{sdtoggﬁ g{ﬁ é?"reg}tgmaglggrg grdlﬁgd S’F:llt he

nor mal st acki ng sfeqrumgcae fifth layc)mprarepiia)hail)t he sardyfgh lhmrtwh@ebd)usaiﬂ difth
either the jnsertigon of an extra. I ms or the.renpval. of a partial
Stomc | ayelVerinand Canfessie iin e s o TarRy B b it SRERuRknSs™p
measuring tﬂeq)ejcatotgameﬁﬁomgye@aﬁd such as by X-ray diffraction (XRD)

t echni ques. Above_| ayer SiGe cap |layer 18 is own having the
preferred Ge con‘p@gp{r’igc?rﬁl’l‘th IQWéofﬁhg@exrquﬁi“?ByPBS@ég;bfﬁlﬂayqrunct| ons to
separat e p-channelc39ihk qmshn%wefraaeﬁec%@ th® pfQehd ﬁ'l%eltltﬂﬁl hﬁhﬁlscafo‘ilhﬁﬁsa in
| ayer 17. The thickness aye may rang g from?2

preferred tmp@nﬁé@sfonnlngmechaan@}eﬁeﬂd @ﬁﬁcrclcransystms cnmpnmgéh@stm of14 15, 16,
and 18 nmay have t | icon and germaniumto provide
the sanme lattice %geg(ﬁ:?ggs%%mp&%[t%ﬂlg ‘H’I?g%{t ent 20 ' WD 00/ 54338

PCT/ US00/ 06258 1 9foaig20 fist hayer o€ relaxddnBi,; r@egepifaxmiiy 20 dadd Filftraiet Whae Ge
preferred r e from?20 to 50°/ré'tn(i) e case when |layer 12C at interface 19
has a Iattl @Bé‘dfﬂ)ﬁréﬁ%ﬂ@%ﬁl@o %'0%a rel axed Si.ssGeo.es buffer |ayer. The
channel confinenment of holes and its enhanced transport nobility is a
result of the higher conpressive strain in the conposite channel structure
having a high Ge content |layer with respect to the rel axed buffer |ayer of
| ayer 12 at interface 19 arising fromthe 4.2% | arger |attice constant for
pure Ge relative to Si. The structural ability to create and enhance the
conpressive strain in the Ge channel |ayer formed on the rel axed Si Ge
buffer of Iayer 12 ‘can Si gnl fi cantly aI ter the conductl on and vaI ence bands

Y . Y e a o a e o



transport along the strained channel will result in enhanced hol e
nobilities that could be significantly higher as described bel ow than found
in Si p-channel field effect transistors which typically h?ﬁaﬂd@&dqu of
about 75 cn¥/Vs as reported in a publicajgon by M Rodder -t

"A 1.2V, 0.1 ~m Gate Length CMOS Technol ogy: Design and Process |ssues")

| EDM 98- 623. Consequently, the neasured hole nobilities in the occupied

hol e band for t hefoanily ansobhd tayeGef @bapimaadialgeorst;aidrct‘irstrleyeshrzhmeljyrsaEi gcodd ar e
in the range from 1, 500 to reater than 2,000, at, 300K and_in the
ange. 1 om BECOSOTO GBSV Rk 00 S0ER | thag 1ty fraticah Sackiteh
layer 17 i syah&&pshiagbsal fidtlidyed t hi ckness in the range from10 to 15 nm
Furthernore in Fi S, curve 37, shows the nmeasured two-di nensional hole
gases (2DHG hol eommglatrlydw@aof wirdoped §ifUncenivnialy onsaidecegndrlaydror a Ge

p-channel 39 withg r L when it
is properly grown Ogﬁ gﬁza}%@ %gggggggégg?pﬁéﬁﬁpg%rShl?ﬁﬁﬁ? ayésl not ed

t hat when the Ge formh@mﬁefth laygeof um;logasch\iriLxGa:} epithxially onsaiﬂéourtlbla;lérer from

| ayer 12 of Sio.35Ce0.65.0r .0on a su e Si.te huffer, degr aded
mobi 11ty behavt or DRTIE HRXBHORF FLa RRH:Bivien e lY ob Srid i Tavsrnat poor
qual ity or def ectfor@idgefishaian@tborfd swekhod? 1HRaNMSNY, Gd)eand el iGd, VivithinQf stiale Ce
p-channel 39 to the proper design of layer 12 such as the composition
profile, exteélﬁfStﬁlthfepﬁsé’& ﬁfﬁﬁla}’%@lfrre@r’fﬁ‘a/ﬁllng%t acking faults and misfit

di sl ocati ons. 0 t

mobility ph in cé#%gdlgﬁc}“yﬁu 5%2%?5‘%% re)gpg%eﬁ%stsemtse&rrg%é(g{tjgﬁzgl nﬁé)qguregezls
The neasur eghethoBifbr ﬁbnemgasclahovbrﬁdhyeﬁ‘@mWangs?tofsmonmrmgnhutapﬂw 39 are a
factor of 9 to 10 igher rﬁg r}a]ﬁ Subng #?n Si p-channel field effect
transi stors. The feasue &8 eobi e RE 48 & fown by curve 37 for Ge p-channel
33 had a defect dfasidgya Sikdmilhwi of eclakal SEhGeNepitaxflly. ordsaid Qubssrateywha@alGey i n

t he range from 103 to 106 defects/cm. In Fig. 5 the ordinate on the right
si de repr esEATONSYE ghe T3R8k ?‘?Q%On(b&es/cm and curve 38 shows the
correspondi ng car fg@f Sbhd 1d f &6 cpRAGMILS E‘Q@'f &tlhRs i MRl stcdndS @
function of tenperat unrggae At 303’@{°t eeﬁn§b| }e ! il fé er%rSOOI 54013%8
PCT/ US00/ 0625¢ mounder/coopisyve baainand éevegmtfsclme%trse ﬂwnvss eritical grelatess
carrier den . At 20K, the mobility ~th of Ge p-channel
39 equal s 4§At§¥~§f’%cgt?%§é£l?mla}%?eet carrier density of 8.b9x10" cnf. In an
al t er nat e enbodi nfanmirghotivirdilayeFbfjunddped St/ hGe, qntaxrallytohrseﬂ sspacidrydrayer s

14, 15, 16 sh Fi | Si Ge
Fayer 18 or o ceo WpRbE PuyBI B SR eeT StraRrdr gk P EReddy™ Sk T he the.

Ge p-channel 17 | py@ipth Sk ekt fp-dSpad 3iNay, epm)ﬁawawdﬁmythrmy@rand

degradation in the hole confinement and mpbility of the carriers in

p-channel 39. In forgnggirsy ﬁ‘q@eseP‘e‘?de‘P‘@ﬁéE%Oté%@rsu§é1dnq%ranﬁ§1t:'tq‘%n‘§“hm a strain

cor respondi pget Qrichfe BPRAA ﬁi‘ét'?ay@f' oﬁeﬁxe&Su' Gel. he desi gn of a

modul at i on-doped device 10, 80°shown in Figs.” 1 and 6, a thicker spacer of

spacer |ayers 16, At®rding tm4stullsan9§1m|aspequeth@lemsreatbuyeatrrm ihepo i arevideden

atterrptr ng t I r enperat ures
ol eos PRURE TR BEnERI] Rl IFRELSrlchd BOHARGDe B A B LPTPE T

p channel 17 fronsdlcmtihgedidgdﬂta“ysieldmesubsrratehe supply | ayer 13 Nevert hel ess,

for roomtenperat

2t a1y when ont ylosminech HEaR g o Bk - Py e L VAR sl Cihet g2y

14 or Si Ge spaivary isay e rddpedfordi0GEtospgicer | ayer 16 is present to space Ge
channel 81 of nodul ati on-doped device 80 from supply |ayer 13 Li kew se,

there is mninmal BpaEsatacendhyeqf doped §’r1l{9tGSat‘313531‘]‘1‘?‘‘)allw‘?@riia‘ér’ﬁr§t BYB: of the
three spacers, fo rﬁﬂﬁ%@ LiP9 oRfsafdl dlhoyers 14
and 15 or |ayers 54 and %gdg?ﬁ?gkgﬁgﬁ%&ggﬁggbyé i ?eosesﬁ{%1 s{eg&{splagéef

channel 81 of nodﬁﬂreﬂung)mf@dbé@b’edeﬁum@psd)sfzrxﬁm ¢m§ﬁé§1‘a11¥3>n shid thind dyesr nat e

enbodi nent shown e

conpri sing a G | uiedy Gt LOYSLERSMERY G it Pl GIRIOfeEY sqig S

f or med aboveiyelhmnnﬂhr déimprSisiGe dtemyrenndlbas & tifidaredleabthae itsaysicallthjckBesSevitlay er
14 is fornmed ab 5, and the supply layer, p-doped SiCGe layer 13 is
f or med abovESEY OfaéiéFSt!Lalef’A dielectric layer 41, for exanple, silicon 23
V0 00/ 54338 PCT/ URRM625iRiRyNOY uRAGEd i 0)0ed Spitasidllyesivafiih layedle, or

al um num oxide is forned over Site |layer 13. Fig. 7, like references are
used for functi onfrEdy &gy lasr ohup eﬁ§baﬁ§t @@taéfaﬂmog saifl sixth layer.ayer ed
structure 90 suitable for a nodul ati on-doped device, supply layer 13 is
situat ed above active channel 40 as shown in Fig. 7, the active p-channel
40 is conprised of a strained Ge layer 17 which is less than the critical
thrckness vvrth respect top t he Iattrce spacr ng at |nterface 9I . Ge layer

o, A NP~ 2 M. r o ~ A -— g .



| ayer 13, SiCGe layer 15 is fornmed above | ayer 14, channel 42 conprising a
Ge layer 17 is forned 24 WO 00/ 54338 PCT/ US00/ 06258 ~ 9 NOV 2003 above

| ayer 15) Si Ge layer 15 is forned above channel 42, SiGe |ayer 14' is
formed above |ayer 15, and the supply Layger, p-doped Si G gaNﬁVJZ{mas
formed above Si Ge layer 14'. A dielectric layer 41, for exanple, silicon

di oxide) silicon oxynitride, silicon nitride) tantalum oxide, barium
strontium titanat Groungdnueighthiaiex bfidoped Si oG dpitaxeallySnGaid seventh1dyer, dnd Fi g,
8, like referenceg _are used for functions correspandi ng (.0 the apparatuys of
Fig. 1. In an alt gfgeﬁlréﬁﬂ?ﬁ{ﬁeﬁ%’ﬁro‘éﬂﬁﬁﬁﬁptil?yeﬁ?’ 11-1g36n| é{%’é‘rle St Wﬂg’cnlﬁ’%r%
has a suppl sliepytaicnioBPELS FiRG 18yePofieRadd §i Geel ayer 13 formed above buffer

|l ayer 12. SiGe layer 14 is formed above supply layer 13, SiGe layer 15 is
formed above | ayepcauding; tasstillagnathar aspect fofr the dpresisbly invieajen thicke is providsid 413
conpri sing I : i - S I r.15" is fornmed
above channlgllegf%%,f@%ﬁ%é&ggfgﬁ&%zﬁg@s&%g‘;/t%légg(%%géﬁ??@é&]fg'%gé)rffd the supply
| ayer, p-doped Si@edtiagersingk crystaflioe selmbtratghove Si Ge | ayer 14'. A dielectric
| ayer 41, for exapple. siJdicon di.oxjide, .silicon oxynitride, silico

nitride, tantal unf%‘i?i‘%? f%%ﬁ?’(ﬁﬁogtrf’ Req Shrte 9?’[%??‘1?){ rom, P SHRRtR ks Vhere; Qe
formed over frittion A @yethekange frdh 09 19.0.8, |ike references are used for
functions corresponding to the apparatus, of Fi A cross section view of

1
a self aligned hi GFOGErbICPRYlayenafigopad aiey%eﬂp%@@ialls oBisaiffirstayarg. 10. Sel f
al igned high nobi fdlﬁlxlgggs&{%g?ﬂﬁ& e@@i1!,;@9%%92@%%?12?ntsgﬁbge@tyrﬁlrlg%rst ructure

of fig, 1. A self aligned process I's e use o]
m ni m ze t he accefscingsifertnieyerad sndopeddd; Wid: kpitaxsdhoir deyd thatldelyalevi ce

structure, and th ce r ey pat.terni ng and eyaporation of
the gate netalizatl ogln%parli‘%%}rl H\%'g’a%@édgﬁﬂf%é'%?‘aﬁpﬁaﬂﬁﬁ%' 8’%@?2?@‘2‘??’%%.

Typi cal |y, a T-shfopethggatsixt92ayies of d eiaixedlysorc baitl Hfath 1dyer gaictebgvardsirer 93
serves as a, nask fgr t he source and ﬁlrlai n_ohm c contact evaporation which
prevents shBYei RgNEFr FHPrEsstiecsragt aihhasymihickagss lgss thapsts erificalgthickness wath «y
gate 92. A Rkpkhid faidRRt RGEr, Process having a | ow contact resistance to SiGe
| ayers has been reported in a publication by M Arafa, K Ismil, J.O Chu,
M S. Meyerson, afaming pssventh\gyepof wutesed SriGeSpitaielisen saidtih 2yes

Lo T SR o 18 a0 SRR 31

i's incorporated heming daynthdhyrefidepediSie.Galppitodiliyoon said eightt layerpardODFE~"

device 100 starts . w.t efining the acti areas via i.sol ati.on etching
fol | owed by evapol’s }n%gfg%tran esﬁg%l}dtqvﬁé's%‘?o\{gyﬁff’ SH"%’"%%@"’T‘%@I ‘Hlt#”@g"i YA o8
around t he mtitf stmctey ofaidfisdlaydhef ighked Si,Gefure and its patterning can be
performed in a P P.M\/A—MVﬁ)/P trilaﬁei:l resi st, usi ng el ectron-pbeam

i t hogr aphy f ol | CWERP 8 RS AFBIREPRI £4dN¢ Praserlt mVeRfiqnofiere HePrpvided sed
gate struct gefod FoMoiARG 2Qbe shahhéIMM P 1aRiAb! EARYIGN: fledfdps 8F- A | ayer
101 of Ti is formed on SiGe |layer 18. A layer 102 of Mo is forned over the
Ti. A layer 103 ofelofing g smglarsistelliae sybsirete, 102 and a | ayer 104 of Au is
formed over | ayer 3 [ Nq:0hAl C t 3

formed by evapor aftolﬁﬁgl.g mk{t)\q/ re?[is?srﬂg%ée(ldSIQ'ngLé‘ ‘?ﬁ%g{?ﬁgf%f %?‘f %&%Hg%y‘gﬁ%}?ﬁeoff
usi ng an i niig@ionevietlegdngeemat todk. i ng process. Smal |l gate di nensions
using this fabrication sche havi a_gate footpri.nt down . .to.0.1-pmh
been denonstr at ed al ofd W?rlr’\?gygre?’#@%fe?l & lys%§£(iﬁaﬁla\‘i‘3f‘?-r Phefrhy said ?P%ﬁﬁe
as det er m niaglerbiy unker cotrpressing: Sdivfand Bading.anhickakds REd gagdisd@itical thivkness a
gate length 0{1 0.1 ~tm.have been fabricated on high nobility strained Ge
channel st r{# E?SBECtﬁ%Wﬁiug‘r%IWGFe mobi ity of 1750 cne/Vs (30,900 cm -/Vs)

at room tenper at UoBmink athifd 1dkr é%cfoﬁé'dsgi,g@&j xBNPoRishiBde LA 7 HRAT at ur e
peak extrinsic transconductarices as high as 317 nb/hhm at a | ow bias
vol tage of VvV~ _ -forming ajourth fayevel gaipdiskeciniy anesaidhthindayer,capd gai n of 18. At

T =~ 77 K even fj Ie D€ I NSlGL L opduet ances.. of~ 622. 5/ nm have
been achi eved at @\bgﬁl%lfggtearqﬁbﬁgg%{dv%l% agoeolig%% asgfﬁe@%@, l’th(f "’t‘}‘"’llﬁlémfaasﬁraﬁ is
bel i eved t hiefef/strukture afsadfickt tiyanefaeiaged 8k ,Ge,ghest val ve ever reported for

a p-type field- ef,&gc%trdi}lé % Ss'tiﬁt a%rothe% %spect of the present invention there is provided a
method for forming a Ge channel field effect transistor comprising the steps of:

selecting a single crystalline substrate,



WO 00/ 54338 PCT/ US00/ 06258 19 NOV 200 A cross section view of a Ge channel
p-type MOS- MODFET device 110 incorporating the |layered structure of Fig. 1
is showmn in Fig. 11. In Fig. 11, like references are used,f rNé b ns
corresponding to the apparatus of Figs._{gand 10. A gate &iél klp& h%ll
such as silicon dioxide, silicon oxynitride, silicon nitride) tantalum

oxi de, bariumstrontiumtitanate or al um num oxi de may be forned above Site
| ayer 18. A pol ysformingna fissfdayet b2 refayedo8i, fGegrtanialy ayasaid dilesdtmtt where 3l
and patter ngd to f.orm gate, el fnge{o(g 113 for the device structure 110.

Usi ng gate BRIAJ§Eeringe Temlopto g’i on 114 and drain region 115 may be
fornmed by ion i mpfoaimtd QRofN Skt HEGe Shitsiflly dGai@H R 18) R Wiepshs shidBsdeond he
| ayered structure 110.” Source and drain ohm'c contacts (not shown) can be
formed by slaerdiarundeecenpiesayd grripand hevingpethiciessaless ransibuetitical dyrlness 14
and drain rggi idewal | spacer 116 may be forned on either

si de of the‘%g‘}é?%péﬁ%ﬁéﬁ%@% hpri or to formng the ohmc contacts. A cross
section view of afo@aingonthirddert af yndopddiBatGerepitapiatly oGwd)seédnt ldyarj ce 120

is shown in Fig. 12..1n Fi 12 i ke references.are d.for functions
correspondi ng to PR % PEPWCB?%'IB?‘@E?‘F% %t&x’fg.y OB %StﬁlfdiarYS{ms p- MODFET
devi ce | 00 which foﬁnﬁig%)ﬁﬁ}!i’lmwr d)ﬂ’gaFd dicled@ic oﬁ@bﬂc@ﬁﬁhw}i&g&ﬁﬁf devi ce ;00 is
n- MOS- MODFET 124. A gate dielectric |21 such as, si licon di oxXi de, silicon
oxyni tride, silicormHigisrnd seeend-avsskoat dayers skinttamd e Qfm VIthigfatt@ith

al um num OX%e‘ﬁ@féTgbétLQ@oféhrid”E%t gféjag(gdlgqxegx_ 18. An nT polysilicon |ayer

122 may be fornmed over gate diélectric and patterned to formgate

el ectrode 123 f orAtdeediGe tn-skSiviiDE EFpabe wif dhe prasautt inventid thetds ingroyated a
el ectrode 123h ? oS3urce rfecgi (e)gecﬁr% e}&d n(')mdrr qli N regeipon 126 may be forned
by ion irrpl’gﬁig i'on on §iath(|1 | 81> the %éﬁl}:ggﬁg ?88e 123 to formthe
Ge n- MOS- MODFET deldctifg atsingd atystallind subdtrgiaf € si dewal | spacer 127 may be
formed on either side of _.th ate el ectrode 123 to conpl ete the

- VOB NODFET dovi BEnEiert Gishraves o5 relatiiy So-Gref D2l fGTopH s sabsgate where Ge
PCT/ US00/ 06&a8ionk9s WMarQ0R0:41028 & ®@&m c contacts (not shown) can be
patterned and fornmed by standard netallization on the upper surface of

source regi on 125foxmingd scand ypioef @o epitaxiallyromsaid fingd leves vhwerbyesaid segontear
surface Ge J T, | g i i . g [: S of
2 G ayer TYBrRTindsPUGRGRsRl HEki:Fo 10 BRAMRLS oo bidn (SRR IELEE, 2
channel 141withmebpectdo edié dirstilayel,ayer 41, for exanple, silicon dioxide forned
over SiGe layer 142 to forma near surface~Ge channel | ayered device

ot ructure 1abe 1 nioppy BTl SEondbaht 86 SqPcenilaRRIF gp sYSEEgEYer
correspondi ng to fohingpplrsaseditRy ghie@lecrodd on §di¢ thirblayayr f ace Ge channel

| ayered structure_, suitablLe for CMOS devices, the active Ge channel 14] is
first formed on |RQyBMED 5%8‘“1‘%‘?%&‘%%% é&sétig’f OpARpn PRES el°§§§ljdt‘1%|‘éh
the criticafatt BlegdsiRss Wi th respect to the lattice spacing at interface 91.
Layer 17 functions as the channel region 141 of a field effect transistor.

Above channel | ay@rmingia figgh digielspgien Sf adirstaype andiJocptedrasy the pthaiiside efeseides
| . e ' . .
dovi oot r i, pCiss R0 Mhertbif ARTHERCLAA Bafubiinbhle Bheddrd it e |

par astic channel foomingaledteca iwlationasgiehey therssleotivimimewal oha Ipasefsad thedl

t hi ckness ff)r ltﬁ%er 142 is Idfjss than 1 nm An exanple of a conplenentary Ge
CMOS devi ce %t Qtuﬁpéa FPEWECHITd be fabricated usi ng standard process
Itechni gues i's shomaﬁn}ng Eisgco_nIMSchE'ttE)é _g?&Aelb@trcﬁleC?mSﬁidStﬁggiIQYerV;chWidhEd avith
ayered structure illustratjng a nodification of e e nment. shown .i.n
Fig. 13. |nreepest tosgid cleririzalipidamFeans ta;}@reqacm@at“iysw@aﬁeggtj;analswgl é}ét\r,\ﬁ?ié'
over SiGe | gy&k rhfidstol@hRnsé el ectric layer 41 is formed over Si |ayer 142'.

A cross section view of a Ge conplenentary netal oxide silicon (MXS) FIrT
device 144 is forming a second source region of a second type and located on one side of said

second gate electrode, and
forming a second drain region of a second type and located on the other side of
said second gate electrode whereby a second field-effect transistor structure is formed of a

second type.




shown in Fig. 14 for enhancenent node operation. In Fig. 14, like
references are used for functions corresponding to the apparatus of Figs. 1
and 12 and 13. A gate dielectric 41 such as 28 s WO 00/ 54338

PCT/ US00/ 06258 19 NOV 2003 silicon dioxi_dg,. silicon oxyni tfllgieNULV 0
nitride, tantalum oxide, bariumstrontiumtitanate (BST) or alum num oxide
may be formed above Site |ayer 142. A doped polysilicon |ayer 122' such as
p+ may be formed over gate di BriefDesaiptiomofkhedtaevimgsd t o form gate

el ectrode 123" for the Ge p- MOSFET device structure 146a Using gate

el ectrode 123', p+ source region 125" and p+ drain region 126' may be
fornmed by ion lWDTH&%aintlctﬂh&nfe@tuidaebbﬁbtgQn@fadfvﬂﬁag?b@tcﬁ" 1Bk §ésendRvésifon il
formthe Ge p- MOSFET device structure 146. gate sidewal| spacer 127 may
be forned ohecemer?@par§nw0@f00ﬂﬁéergfa%0feqhéé@liqyﬂ@g dotailed deseHpiipreeithe favention

p- MOSFET de n ohm c contacts (not shown)
can be pattg?%g and&%g&&xéﬂgyﬂg?gﬁghfggﬂlQﬁﬁrlzation on the upper surface
of source reglon I25' and drain region 126' Adjacent p- MODFET devi ce 146

i s n- MODFET. 12 ate dielectrjc .41l s I|c n di_oxi Si |

oxyn 11 de, P 118 grefih el VS bhF divees et o ineERe Sne Ftotirden b

al um num oxirgenticay be fornmed above Site | ayer 142. A doped such as n
polysiiicon layer 122 nmay be formed over gate dielectric 41 and patterned
to formgate electrode 123 for the Ge~n- MOSFET devi ce structure 124" .
Using, gat epgl ockr A4eVE2Rap) shePink Ghe [RIbGH edBaRicA erlis éépi‘h Tof B RBridA6d May
be fornmed by Ton inplantation on either side of the gate el ectrode 123 to
formthe GesammNEOSEEGutkevhaven én Rigt Uridusteing the gaelerred deésvabmpegitional lagereday
be fornmed o h i f t. trode 123 to conpl ete the p- MOSFET
devi ce stru% °hhe§52% gﬁxﬁggﬁgﬁgglggr%ﬁﬁﬁnic contacts (not shown) can be
patterned and fornmed by standard netallization on the upper surface of
source region 125 and drain region 126. Device isolation regions such as
field regions 98 or deep trenches shown in Figs. 10 and 11 may be forned to
separate the p- MOSFET device structure 146 fromthe n- MOSFET devi ce
structure 124'. 29 WD 00/54338 PCT/ US00/ 06258 19 NOV 2003 Fig. 15 is a
cross section view of a Ge conpl enentary nodul ati on doped (CMOD) FET device
150 having Schottky barrier nmetal gates for enhancenent node operation. In
Fig. 15) like references are used for functions corresponding to the
apparatus of Figs. 1, 10 and 12-14. In Fig. 15 ohmc contacts 95 and 96
are in ohmc contact to source region 125 and drain region |26,
respectively, which may be fornmed by ion inplantation to form p+ regions
and are self aligned with respect to gate stack 97. Mterials for

transi stor 100" are selected to function as a p-channel enhancenent nbde
FET. Chm c contacts 95 and 96' are in ohmc contact to source region 125
and drain gregion 126, respectively, which nay be formed by ion
inplantation to formn regions and are self aligned wth respect to gate
stack 97'. Materials for transistor 100" are selected to function an

n- channel enhancenment node FET. While not shown, field region 98 as shown
in Fig. 10 or shallow trench isolation (STI) may be used to provide

i sol ation between



transistors 100' and 100" Wth respect to transistors 100" and 100", buried
doped regi on¥VBY54388 f or red bel ow the gate el ectrode and channPCTiUs0G0§IsSt
the threshol d voltage and to reduce any parasitic currents frﬁnhtd}z

adj acent device as well as fromthe body of the above the burUel rZQDa
region. It should be noted that in the drawing |ike elenments or conponents
are ref err dig.t2A By an iekpandpdl SEYS, ey of dhauppee pertioncaf Fignd taasleptnpf ebouhdpe0 A
has been described and illustrated Ge/Si Ge/Si |ayered structures having a
strai ned Gahowimgrthé BuanddBe comognteasion for theinbabitont dopetiddicsregdnD FET' S, CMOS
FET'S and CMOD FET's, it will be apparent to those skilled in the art that
nodi fications and variations are 30 WD 00/ 54338 PCT/ US00/ 06258 19 NOV
2003 possible without deviating fromthe broad scope of the invention which

shall be lignt I f the. clai appended hereto. 31 ...-
32 - 10 NoR ool hiate s R iR B hEFink e KR PRBANGER R M drvigiior
effect transji stors conprising: a single crystalline substrate, a first

| ayer of r dhigknsgs.s; | xGex formed epitaxially on said substrate where Ge
fraction x is in the range from0.5 to 0.8, a second |ayer of doped

Sil _xGex fornmed epitaxially on said first layer, a third | ayer of undoped

Si, X Gex forned epitaxially on said second |ayer, a fourth |ayer of
undoped Si IFigGeXs hodewsitédegrbisaseciidray TEM Dilithe Upper ddelvidy aegion dfi the Habrivyed safmple
undoped Sil _xGeX forned epitaxially on said fourth |ayer, a sixth |ayer of
Ce formed qphbdxd fidwh RIFiEaR fiukirktiny th@ R p-WRGHE WoRBiBnHopEd) di¥eEinicRurk! BF &e

conpressive strain and has a thickness less than its critical thickness

wi th respec . ace of said first layer, and a seventh | ayer
of Si~_xGef%F%gﬁ%%Egg?@§§$%ﬁ§@ on said sixth |ayer, wherein a strain relief
structure of said first layer of relaxed Sil_xGex includes first ‘and second
over-shoot |ayers, Si, ",G", and Si, "Ge", for the case when x is greater
than 0.5. 2. The layered structure of claim1 wherein said first over-shqot
|l ayer, Sil FisiGeina stephioh &he; measured; hpls giobiify ersupctemperasuredn;kelyin (& frop dfall
has a Ge fraction m where mis the range from about 0.05 to | ess than
about 0. 5. nieasuiementaynd essosiated shest demsities| ai m 1 wherein said second
over-shoot layer, Sil_,1G", within the strain relief structure of said
first layer has a Ge fraction h, where h = x + z and z is in the range from
0.01 to 0.1, and having a thickness less than its critical thickness with

respect to i@l if lal &bsd 836fbn view bPQ lagered Qﬁllxc?ﬁr'éqgﬁslﬂfaﬁn fa Qc@ﬁdne&)bmlﬁfeﬁti Bf the

the active device region is a buried cthannel nade up of an epitaxial Ge

channel of . 'g°§i xth layer having a higher conpressive strain to provide a
deeper quantumwell or a higher barrier for better hole confinenment with no
all oy scattering as conpared to a single Site |ayer channel device al one.

Fig. 7 is a cross section view of a layered structure illustrating a third embodiment of the

invention.

Fig. 8 is a cross section view of a layered structure illustrating a fourth embodiment of the

invention.

Fig. 9 is a cross section view of a layered structure illustrating a fifth embodiment of the invention.
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5. The\layerw structure of claim1 wherein said sixth layer is forned at
«tenperatures WRaYadsdh gromh of Ge filns does not occur to genPCPBAUS00/06258
i nterface roughness - 33 - 19 NOV 2003 problens and at a tenperat

range from 275 - 350 C where 2D growth of Ge filns does ocdugm@Vﬁlﬁﬂ%

| ayered strycture of claim1 wherein a spacer region conprises a three

| ayer st rudfi@r ¥ i§f2 gassceetn vew 8§ a highfmabaljty pe OBFE TkiGexrposating thelayérad btmyosure
of relaxed Sil_XGex, and said fifth |ayer of relaxed Si, xGX 7. The

| ayered strafdigirle of claim6 wherein the Ge content of said third | ayer of
Sil_XGXis in the range fromO0.5 to 0.8 wth a preferred content of a,
where a = x-0.20 and wherein said third layer is conmmensurate having a

t hi ckness below its critical thickness with respect to said first |ayer at

thi ckness bel owits critical ss wi d tlayer
whorein tha Bl oom Ea SRR pE Bbicntind MOSHET RloduialBhith ke afline o

fromO0.5 tq.0.8 with a preferred content of b, where b = x-0.25 and wherein
sai d fourtlc‘)f:’$'al>'/er is conmensurate having a thickness belowits critical

t hi ckness with respect to said first layer at its interface with said
second layer. 9. The | ayered structure of claim®6 wherein the Ge content of
said fifth layer of Si~ xGXis in the range from0.5 to 0.8 with a
preferred dupt bhiis ef cross sistiore view=0Kk-a0G4 CNMOS MODEET devicel ifidorpdtatimy ee laered
commensurate having a thickness belowits critical thickness with respect
to said firsaictupyefiFigtl.its interface with said second |ayer. 10. The
~layered structure of claim1 wherein said second |ayer is a p-doped

Si ~ xGer | ayer forned bel ow a channel region of said sixth |ayer and
separated therefromby said third |ayer of Si, rGex, said fourth | ayer of

Si ~ xGeX ang, sy i r il  xGex, said second |layer is tq. havi a
t hi ckness it ﬂieqsr gn%{)as}gf Jreg%&lvftg% (?03 #}%“'(ﬁﬁt firugtuse é]ﬁﬁfrfné’@ ?rﬁ”ﬁkr?&bé’%’fni"?ﬂnogqf‘%
5 nm and said second | ayer having an electrically active donor dose in the
range fromM¥8®%x 10 ~ zcm-z. 11. The layered structure of claim 1 wherein
the Ge content x may be graded within said seventh layer starting with a

hi gher Ge content nearer said sixth |ayer and grading down in Ge content
towards the upper surface of said seventh layer with a preferred value x of
0.30. 12. Kig.apéy iscp eopusectivre vibwroffaolayaredystpzotura ilivstratiriged devehfheaetibodiment of the
transi stors conpri sing: - 34 - 19 NOV 2003 a single crystalline
substrat e, imvehiiorst | ayer of relaxed Si, XGex fornmed epitaxially on said
substrate where Ge fraction x is in the range from0.5 to 0.8, a second

| ayer of doped Si~ xGex forned epitaxially on said first layer, a third

| ayer of undoped Si, xGex forned epitaxially on said second |layer, a fourth

| ayer of u £ Sh r i i - ajd. third layer, a fifth
| ayer of Gewmgh ecr;)‘::’<s %ftg)ﬁl\%n&?aﬁgﬂh%erh g§e¢ev%es}rg69xr% 'qORF#ig In an
| ayer is u I ressi.ve strain and h a thigkness less than its
critical t%ﬁ@?ﬁ%’gémvrﬁd% lr}c@?ﬁé%f“gtubealg%ﬁr@aéwg’fep 8rl3-and a sixth layer of
Si, xCGex formed epitaxially on said fifth |ayer, wherein a strain relief
structure of said first layer of relaxed Sil_xGex includes two over-shoot

| ayers, Si, ",G", and Si,_nGen, for the case when x is greater than 0.5 or
havi ng a pré&d-rig@ qagsipection view of a Ge channel CMOS device structure having Schottky barrier

metal gates.
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of 0.65. 13. The layered structure of claim 12 wherein said first ’
over - shoot |wpens4338] _nGe"~, within said strain relief structuper/g§ooiibsd
first layer has a Ge fraction m where mis the range fromO0.05 to | ess
than 0.5. 14. The |l ayered structure of claim 12 wherein saiﬂ smdﬁ
over-shoot layer, Sil_"Gen, within the strain relief struct Se

first layer has a Ge fract ilﬁ%cﬁgt%iﬁh@ Preferfed Fififodiniénts " the range from
0.01 to 0.1, and having a thickness I ess an Its critical thickness with

respect to said first layer. 15. The layered structure of claim 12 wherein .
the active device region is a buried channel made up of an epitaxial Ge '
channel of said fifth |layer having a higher conpressive strain to provide a
deeper quant Refentrgd toothe drawing) end irmparéculirao Rigtlt, ercrdsslsectivonidwnefelayered stmatere -
all oy scattering as conpared to a single SiGe |ayer channel device al one.

16. The laygrgd é@@%téﬁaﬁnafmah@hmnl@opﬁfaesmm heRtehtrbfutd it ayewni ® flusied Ak
tenperatures where 3D growmh of Ge filns does not occur to generate

wner e 2D GPBRRITEN &L #F) FRERAC Chafird YRR 300" Sity R, SR, 51De opid o

| ayered structure of claim wherei n a _spacer .regi conprises a t I
structure W%‘ﬁld&]"tpﬁis\‘l?f"la'a?ytf “H‘I‘C?‘r ’@F%Q%&"Sﬂ e BB g‘éﬁgjas%ﬁ’ dﬂ‘f’%’ﬁp?ﬁaﬂp&o}’é r(§§$ J
rel axed Si, _XGex. 18. The layered structure of claim12 wherein the Ge
cont ent of siieindort-insulator {$6M), dporgl andkEeoh back filicore Qrafnsulatoro@ES ), etcougng an
with a preferred content of a, where a = x-0.20 and wherein said third
layer is cepianasgfovith teehniqug such has altree bighbekan ichemizall vipoaldepdsitcon@3EVyEYR),
respect to said first layer at its interface with said second |ayer. 19.

The | ayer egoRhHf bedre epftaxs) QIBEY Zor¥agideihBrridl @hémic&lonipdn debsitiodi RTAVIDY.h For a
| ayer of Sil_xGex is in the range fromO0.5 to 0.8 with a preferred content

f b, wh S X - ' i AL e e
i ng o t AFRRIL SEPRYRCVD IR F ot R el S5 and SRS My, sicon
| t its interf i th ' oRec! :
claim 17 whbelr etgegs e o SRR Sas. SR oB s, Bl BHEHEIOME,

substituted with a single |ayer structuge conprised of a relaxed S, . X
Tayer wht h20n199d; g e Metnon A0 AR AT I0F S REmRTARES oW Erenias Chghisal Vapor
vari ed accordingly whereby the supply dose may be optim zed for device

appl i cat i oBepastian dﬂmmakieﬁsmon Iem@?athw}elsmom%atﬁéggemfbydﬁfemme-t 0 425 K
21. The layered structure of claim12 wherein said second |ayer is a
p-doped Si, _ArGhusttasipeof & prefetedleyoed stnenannal for elgi lowenporsian of Tayéred strecpene 10
and separated therefromby said third |ayer of Si, XGex, and said fourth

| ayer of Sigrfiagef@X2Csai 1S N A’ 3 eshoW@aVinnBiga 2 hiKiknesshowd iheecdresspendingo Ge
1 to 20 nmwth a preferred thickness from4 to 5 nmand said second | ayer

havi ng an %%,ﬁgagi&ogal YrELE 48 g@@qu_e%sﬁnjcﬂjréh_@ JFaRess f3@MaB b A OB, aras
Z. a cl ai | |

22. The ered structure of m 20 wherein tHe supply |ayer of said

second | ayer is rmed and P t hapngl negi o SAl I

| ayer by sgfeﬁs"}r%‘J §¥< éa°°§%?’_yx%§ﬁ %gysgfg?tp‘)%gﬂ##ﬁsgyei@eg’gs ? 1 gAcet {;}9 gxfagef &Pfkglédg ?23
wherein the Ge content x ,may be &rgagee w thin said sixth |ayer, .starti N0 Fi
with a hi glfeRceniatQiinRmF PEICERt &G the pseISHP ICRIFETIS PRIt HP RN F1E
content towards the upper surface of said sixth layer with a preferred

val ue of 0.23Qurvegortionsal2ey dacluding cunreeartionst B ilngl 3B camdnRG qorssrenditpdbe Ge
transi stors conprising: a single crystalline substrate, - 36 - .19 NOV
200 a fir stcohceyeationf inlslessx XA, 32B an@d2Cfshowndh Eigi t.axi al | y on said substrate
where Ge fraction x is the range fromO0.5 to 0.8, a second | ayer of Ge
formed epit axgldayisin éﬁghﬂ_eﬁlvﬁﬁ orﬁmefhewpremofWg.Q $OORCtht dyite fegionnshly. In
conpressive strain and having a thickness less than its critical thickness
wi th respegt to, sai i St i kbomi ¢he
epi taxi al | ;iﬁ %né) ali gd%rg@%%do+ gpﬁg?ﬂ g“# 2%@%&%9&&& %ﬁgggﬁggmf Ge)%hf‘)giri@rred
epitaxially on said third layer, a fi.fth |layer of undoped Si,.xGex for

epi t axi al | \ADSFISsE é‘?pae%‘lﬁrapﬂrq"é?@? ,dcﬁ‘;]dn Z0ESIG- I(g%F gngRBWEI S §P’,‘°_6Q@3t5r§%das a
forned epitaxially on said fifth layer , wherein a strain relief structyre
of said fi rfignctionyafrapproximetexdeptisi | InxFigx 2An sheuawkinate opt tha g cidenteprsserfs boron
shoot layers, Si, ,"Gemand Sil_"Gen, for the case when x is greater than
0.5 or having a preferred value of 0.65. 14




25. 'The layered structure of claim24 wherein the first over-shoot |ayer,
vSi, |, "Gem wWYPH0F4338<t rain relief structure of said first | ay eFCTIes00A635€
fraction m where mis the range fromO0.05 to |less than 05192 \-I)hf
| ayered structure of claim 24 wherein said second over-shoo &,@ , []03
~Si,_nGen, within the strain relief structure of said first |layer has a Ge
fracti on nCongapration in atqms/ce and scyree 33 shsws abgydoranogeicetration @s %, function of
having a thickness less than its critical thickness with respect to said
first |ayempp@¥imaltidenithhyer ed structure of claim 24 wherein the active
device region is a buried channel nade up of an epitaxial Ge channel of
'sai d second | ayer having a higher conpressive strain to provide a deeper
guantum wel |l or a higher barrier for better hole confinenent with no all oy
scattering as i 4 S C el, devjce al on 28. T
| ayered str uc—tn:ﬁér)g}%g:;e ﬁ(t:%xgdll ?ﬁay%ﬁ%cg}bgfi %é%%?géclgrafn 'a{y%’g |’s°q”faorre??§gd gf"’Ge‘ alﬂgy
_tenperatures ere,,3D growt h of fil does, not _occur to generate,
interface ?%H\éeﬂ@ sthe bjlpg?)rl sélﬁgc%ﬂ%géf“ﬁegirfﬂ@rpé‘ﬁff%f # &‘i‘?@'@@dﬁé%eﬁ%ﬂm@%’@n@]a}’“
where 2D grow h of Ge filns does occur. - 37 - 19 NOV 2003 29. The
| ayered st StiegtHieccagiprising;layessi2 B br diayera2 k3 dwve payefomed profits shownan Fig: Gewhere
| ayer structure of said third |ayer of relaxed Sil _xGeX, said fourth |ayer
of rel axedtlsi strauGhrs beandreliesied if ithe huffenyleyerop 143¢| arxistovdiin sisadte B0via Emodified
| ayered structure of claim24 wherein the Ge content of said third | ayer of

- Si ~_xGeX,  FrankiRéaddotRB@e afmicefrlisn® d Serlérale MeW @iﬁqcﬁﬁ&fs?rﬂﬁcb@ﬁllbg%ingf réfile to
where ¢ = x - 0.10 and wherein said third |ayer is commensuraté havi rfg a

s T or 1 SEamIARRIGT b o T EIRED Midl LRl IR BN CY S0 Y,

.its interface wth said second | ayer.

wherein th .cont ent, of i 0 | ayer il XGex is.the range from
05 to 0. 8 PR SR, 153087 IERK erdkSipd B ereison, a5dsincormotid o by
said fourth tJ axer is conmensurate having a thickness belowits critical

t hi ckness WK %%spect to said first layer at its interface with said
second |l ayer. 32. The layered structure of claim 24 wherein the Ge content
of said fifth layer of Sil xGex is in the range fromO0.5 to 0.8 with a
preferred content of a, where a = x - 0.20 and wherein said fifth layer is
comrensur at e Baffemigyex X2hicolpsses liyerolRA, t12Bcand 12@land hiag kdsitialiyi iddop&s peidied,
to said first layer at its interface wwth said second |ayer. 33. The

layered st ah@havecs GF cohpbsitioddt WheRe N9 aivibefiilalehs 1293137131 if 1 RngkOR&H about 50%
Si, xGeX |ayer forned above a channel region of said second | ayer and

separ at ed 1 i I 0,51, XCex, said fourth | ayer of
Sil_xGex aﬁ‘ﬂgiﬁ’?39?@‘?*?‘h§?*§§°§°“c¥?‘“§i°?§®&§§ Asaid sixth |ayer having a
. thickness in the range from1l to 20 nmwth a preferred thickness from4 to
5 nmand said sixth |layer having an electrically active donor dose in the
range froml 4x 10 cm2..34. A layered structure for formn

p- channel fi eltrg‘eéi‘(“‘f“gﬁtc’ft%f‘%?ﬁs'i st etually mAde Qi stagting SiyGe- dayge d 24| ‘Pf?ﬁ: graded Ge
substrate, a first |layer of relaxed Si, xGex formed epitaxially on said
substrat e ®pEpesiign formed joyer & Si substrater Hinfpdlofw byneo oSershod. 1gyer af SaGadiayenidB
of Ge formed epitaxially on said first |ayer whereby said second | ayer is

under conpmdes we st aiand aimxinhbe range af 0.01 ¢k 0k svith@Ssrefelrad vallié of 0.05 ifsided over
t hi ckness with respect to said first layer, a third | ayer of undoped

Sii, _xGex f qiyerth £ PindhnaBy by a Mbré fdlsked SHOOE. | BY&EMN: t 128
Si ~_xGex foryrred epi t axi y I %aonrsai det hﬁ%gl’al%(?,uggggﬂé? °§§‘I W&f%BN&%%?gﬁg

afifth la _ﬁdﬁp '1?% itaxially.on said.fourth | ayer

wherein a g rra:PinB ??a |e§%§ 'P?Jc ur%c%@&{s{gaﬁagg? quwq%aﬁfiﬁ}no&l sﬁgfsdﬁgglgqrig(éggw

i ncludes first .and %ecpnd . . . )
relaxation of the lattice spacing. Basically, the overshoot layer 12B functions to ensure a high
degree of relaxation, i.e. >90% for the top Si.Ge," surface layer 12C at interface 19. In the

preferred case of achieving a fully relaxed $i,,Ge, layer 12C, it is desirable to use an overshoot
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over-shoot layers, Sil_",G", and Si,_nGen, for the case when x is greatef
than 0.5:. 35wdbwsd3agered structure of claim34 wherein the fi P& S00/06258
over-shoot layer, Si, mG"~ wthin the strain relief structure /fU sal

first layer has a Ge fraction m where mis the range from §g5mlm3
than 0.5. 36. The layered structure of claim 34 wherein sai

over - shoot laperer2B & Biy30G2s» assHommnintHig 25t;y airle pHion 128 (it réspecofo &alél portions
first layer has a Ge fraction n, where n = x + z and z is in the range from
0.0l to 0.1, d hay L§kn S ck ss
respect to sala%! flg]sta%‘aé)?ewx B?ﬁeiﬁ tém%@ rbédtn%jia:t%ér g:'a&?{eu{r H}l by
the active deV| ce region is a bur| ed channel made up of an epltaX| aI Ge

" channel of Qéond | ayer having a higher conpressive strain to provide
a deeper quantum wel | or a higher barrier for better hole confinenent with
no alloy scattering as conpardd & =a0sihiflee- &i)e | ayer channel deviBe

al one. 38. The |l ayered structure of claim34 wherein said second |ayer is
fornmed at tenperatures where 3D growth of Ge filnms does not occur to
generate interface roughness problens and at a tenperature range from 27S -
350 C-wher &gl or Q%@ ¥ cGftedt dnid®i- SE'Q??heOSiCéUhten?%mil EQeanhadé?E&qes?Bﬁdé%U{hgémice
claim 34 V\/nere| n a spacer region corrpr| ses a two layer structure of

third | ayer rel.axed Si,, ~XGex fourth | ayer, of re

40, The | ayRSREEeRL ST P GF rePiesh Rer R en I e mrdifre Pose e e spp
|l ayer of Si, _xGex is_ in the range fromO 510 0.8 with a preferred content
of ¢, wher eSle;asGeo-es yripge layar W?g P& relaxed, daYFhHG wowbhave @ lermeanstapvich Ay grager
a thickness below its critical thi ckness with respect to said first |ayer

at its intahamé®2whith said second layer. 41. The layered structure of claim
34 wherein the Ge content of said fourth layer of Si, XGex is in the range
from0.5to 0.8 with a preferred content of b, where b = x - 0.25 - 39 -
19 N Ov 2003 and wherein said fourth layer is conrensurate having a

thickness bel gyhelcgseCwhéd SﬁllGet héﬁk ngs ﬁzé"é &b csﬁl?ayer Ve JafieSAhRlci lsrg%atélat}ﬂﬁ{ 09@) 2

its interface wth said second layer. structure of claim3
wher ei n sai fi& »l p r ;G

regi on of Séa:!.)l llese@glﬁg&?é{yeléyegeﬁdﬂg%gg?aisgﬁ %&#e@% %/qgrg?g ?rﬁl&\régt I ay%rgl{n

Si, _xGex and said fourth |a xCex, said havi ng :

Uhi Gkness IRRIEFSES oo R Meecsia it ot 1 cYsCiea PR ESER ESE Frochhies it b
5 nmand said si xth | ayer having_an electrically actjve donor dose in the
range fromthetanggirom Q.02 tonD]. ~gubsequently, dp dhe preferedc base of rehieying i Bdly relaxed
wherein said spacer region conprising a two |ayer structure may be

subst i t ut edSivis&enscasgnengiomed ahasve for layert 12Ce itde dpsinable tohisaa fiest axershit SinGexX layer
| ayer with an adjustable thickness to allow the spacer thickness to be

vari ed accosfdShgGe. whaeskdwn b eurse ppiiion @85 Fig)y2 bith ogbedtitd ecrve portibaw2¢B31°, and
applications as a function of tenperature in the range fromO0.4 to 42S K

44. The | ay£eaand oveRhyseSRIGE 1aeMof SSYNGES! 4 %B@nwpdﬂrve parvi6h 198’ §AF. 2 with
fifth layer is formed and separated above the channél region of said second

| ayer by saj oaﬁﬁ'g ayer. 45. The | ayered structure of claim 39
wherein sal Jocﬁ{r éb” ?( leex may be substituted with a thin
strained commensurate Si Iayer whereby a thin spacer thickness may be

provi ded for roomtenperature MODFET devi ce operation. 46. The | ayered
structure of claim45 wherein said fourth layer of Si is under tensile
strain and i s StorvEulaerlhifryssdo selpntheistaia canser by the lattice misreaish betvesnibs Lop
Wi th respect to said first layer at its interface wwth said second | ayer.
47. The | aysurfade st nterface d 9aff retdxed tayéH 1240 endcihe uhtherlymg8ilsybstrateckl, 81 whaiedthere is a
fifth layer is formed and separated above the channel region of said second

llayer by saa dof Raitice nistieds GF hdsl 180686l spaking %8804 a1hks $7b&t thaitthe hti@YePhcifd of single

tensilely strained Si. 48. A |ayered structure for form ng p-channel Tiel
effect tran .S u t
oLyt o eSO TR e DR A 4D 13433k P frbtigices

fraction x isinthe range from0.5 to 0.8,
is about 4.5 pum with a Ge compositional profile increasing from x = 0 in a preferred stepwise
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40 - 19 N Ov_2003 a second | ayer of doped Sil_xGex forned epitaxially on
said first Imqofs“é”t hird | ayer of undoped Si~ xGex fornmed epiRCHUSINI0§258N

said second | ayer, a fourth layer of undoped Si, xGex forne j [ on
said third layer, a fifth layer of Ge forned epitaxially onisgmﬁfvéZﬂpBy
| ayer whereby said fifth layer is under conpressive strain and has ,.a
t hi ckness |1aghion (rompated 102 %Pewoufﬂi"ew e&fgé%i fgﬂ“?‘@é@éd@‘“@dn thei rangs fram x = 0.10
|l ayer, and a sixth layer of undoped Si, xGeX formed epitaxially on said
fifth | ayertp hOswuttentpreferagdevales ofimdop 6%l using a @pwisedneneaseeqsi 4.0 iGel pey inaneraental

sixth layer, and an eighth |ayer of doped Si~ xGeX fornmed epitaxially on
sai d seventihydray ehowmindigi2bydayeirs 2 817 efith @fvo slérsieion (§e@fof 28’ dnd 12Bt | ayer

of relaxed Si ~ xGex includes first and second over-shoot |ayers, Si, ", G",
and Si~ "Ge", for the case when x is greater than.0.5. 49. The | ayered
structure of claim48 wherein said first over-shoot |ayer, Si~_", G",

2, AR O 60 468 B A P S e
PG Ol NSRRI P

where n = x + z and z is in the range from0.0l to 0.1, and having a

t hi ckness | 298, #5Hxwhichsissied tNMeral29; APUcireBsS. Wieversons pacWHVeCYR) rhatior suitable for
| ayer. 51. The | ayered structure of claim48 wherein the active device
region is agrbwing thecdbaneralentimed siliponfandisiliepi tamaiaihg Gime v avadhble ffrowa Bdizéns fant
| ayer having a higher conpressive strain to provide a deeper quantum wel |
or a hi gher_&abld @roxdigg A@tihes\whﬂérﬁnd:,osﬁigfeemmtsw&d&m Bd A VOYE§Giphb®r Cof. df
conpared to a single Si Ge |ayer channel device alone. 52. The layered

structure Oﬁgﬁ&%ﬁh&%?@@&kﬂ@ﬂ debi § WBschBY&T of RadifddIP BeRy-VATRRE 36w ssure

where 3D gro | ms does not occur to generate interface roughness

probl ens an t tenperature range.from 275 <350, C. re 2 rowt h, of

P s doce. At IDsSERGIC kY S BROGIRIT S S gie” and R P PN EY HherRes.
~first and second acer regions_whereby said first spacer region_js belo
the Ge chanHky W@g‘zﬁ)ﬁ“‘ézé BTGHtesa refeienaedy s1ade 1o L 6PL3.484 Q&i%cp-t ﬂ‘“’r g ‘IﬁaVB‘&‘h
of relaxed Sil_XGer and said fourth |ayer of relaxed - 41- .19 N OV 2003
Si, xGex, aisheddan ble28Ad eatﬁkée“ﬁdmgﬁe@imma@é&k@nnquva@mnw@ewlm(rﬁ#@\’mfm
said fifth layer conprising a simlar tw |layer structure of said sixth

| ayer of reSemiedndbictorX@dichaischssigiad ®ethe rusfigrieayhereinfind ethivhets iStdrp@sd. hesein by
The | ayered structure of claim53 wherein the Ge content of said third

| ayer of Sirefefeoe. is in the range from0.5 to 0.8 with a preferred content
of a, where a = x - 0.20 and wherein said third layer is commensurate
having a thickness belowits critical thickness with respect to said first
| ayer at its interface with said second |ayer. 55. The | ayered structure of

cl ai m 53 wher g n i | ‘ol IS, |
Fange. 1 rom 0. ShetRg oSN LFEE atie Bohind b ¥Bbed Rice eyttt dJhdlig
wherein said fourth | ayer. 1S co nsur ate havi.ng a_thi ckness be its .
critical t hf’t&%ﬁ'é{s‘%r Wlaf‘%fg’gé%@@f %S Shawp 'f“i}Jt?%tl ‘F%&%tfm&le%i qver ﬁ’ﬁ?re*&%oeﬁwtf% as
said second |layer. 56. The |ayered structure of claimb53 wherein the Ge
content of thei dbnor ot Fupphylayer benesth ancastive channel. tliagerr1dnmay havsra thickness impthg range
with a preferred content of ¢, where ¢ = x - 0.10 and wherein said sixth

| ayer is comeRNS w6 20 @rhandi should habe ak dectscdliglaotivei domor dodei inahe tange komsh tonfx 19"
respect to said first layer at its interface with said second | ayer. 57.

The | ayer ed gfr UphdipRopdd ki@ 1 Rdy WORERSaihed ©F raPidertvinf a &R chnFRNiEBA in the
| ayer of Si~ xGex is in the range from0.5 to 0.8 wwth a preferred content

of D where Bee fom B8 WAL Bretdted SMURRBN iR rdsibe SHIFR B ALE and 2

having a thi owits cri SS W respect to sard first
| ayer at its intefface with said second |ayer. 58. The | gyered . structure qf
cl ai m 53 m@FgF‘ﬁeéél?‘@‘@ﬁaE‘eP’er@@g% r°Bb§rp‘r°i iy a'ﬁle\/\B‘thyggp@f r%ilf“(ﬁelt?’ y goé:
substituted with a si ng! e layer structure conprised of a relaxed Si, xGex
| ayer with acomgirated abPiGe layer ddcysdaningavitivditferent Spwe of Belili duringsepitexaligrowth of

vari ed accordingly whereby the supply dose may be optim zed for device
applications as a function of tenperature;hn the range fromO0.4 to 425 K



59. The layered structure of claima48 further including first and second -
supply | ayer svonbiesdedsy said first supply layer is below the Ge PRRNI38H/06258
regi on separated by a bottom spacer region conprising a two Iig ﬁyzaggre
of said third |ayer of relaxed Si f_xGex and said fourth |aye rN

Si, xGex, and said second supply is above the active Ge channel of said
fifth | ayerlajerk3hdn exapple af e grafgrred haypn dppene prafigfon SiGoyer &3 sghaws imFigaZA by
- 42 - 19 Nov 2003 two | ayer structure of said sixth |layer of relaxed

Si, _xGex anghré@pehish'B8mith dndiprabdd dddk af gsbuSi, 01 B ordafbm™T IR |f@ﬁ’xﬂﬁ§ﬁbru?t doped
structure of claim 48 wherein said second |ayer is a p-doped Si, xGeX | ayer

formed bel ng@gtye Sr?\ttm reg‘pegtﬁg%ga'c%&ftta)ur ) ﬁéffr%‘?& é(;ﬁp.ag% g@&w @trsgsnsn

by said th| ayer xGex ayer

second | ay vin ckpess in the range { n,

preferred t@F@a got?]rgtgﬁt F Egdﬂpﬁ ghal- KA ? g é*ﬁ“@‘r éi"?’r“?‘c'ﬁ? F?OBEB&IO&'&BH&JGG
dose in the range from1 to 4x 1 OI2crr| 2. 61. The layered structure of
clai m 48 whiBirs by SBTV- GV twhicly rinparparafeddispein 1! feforause. | Apamdopedrbifielserc 14
a channel region of said fifth layer and separated therefrom by said sixth

| ayer of Si(exxépeXinwamed dtackkrewnde doping dyomn tief CSID ox Geher graivth eysydrh) hdckrmays be
to having a thickness in the range from1l to 20 nmwith a preferred

t hi ckness f BAni 2 BsltaR AUl T8mad &o® I t e 14
t he range f{rtg{ﬂe? (%rgregi:;(clo zg‘?trr 2y 62. TﬁJg i ydef%g lgte‘rflﬁlgt ﬁsregcggﬂl&gl §|an La@er

wherein the.s f on e |sforrred

t he channelﬁ’P‘é “8% Faé?tgl ?%‘ﬁ fne@%?qgf(én }tflao%?é d@“ne t%eﬁ?g@@?%

| ayered structure of | ai m48 wherein the sup | ayer of said_ ej ght a

is formed ahke dugkassstoddpysnad ehqul fWhH@PWrtE@PB%C%fh‘@@ﬁP ol § 8K3q t&wrwuyreapw
rel axed Si, xGex layer. 64. A layered structure for formng p-channel field
ef fect transitse daticecepaging s interfage 49 ofrdaxed ateallRi Tie prefestedabekness bf hager 14 is in
| ayer of relaxed Si, xGex forned epitaxially on said substrate where Ge
fraction x the rhrfgetfhﬁn 2 angennt itMalGe cémpditfon i tkeRapelfrbmyrs% o 30%niadhe case when
Si , _XGex forned epitaxially on said first layer, a third |layer of undoped
Si | _xGex f oppgtheRihRKhd 198 rdaid ﬁﬁg@ﬂg IhRYera s@cotatunhtapé@sr@e @terwsd@ra@égt

Si, xGer forhed epitaxially on said t | ayer, | ayer of undoped

Si, _xGex fogHp ﬂ\t@SBJcﬂétog%t%%PP@g %?cing ;iée? %mr%sb is. 1t§)h§l§)ﬂ c}rﬁ%ﬁrabgtfe uﬁﬁgeﬁ and

f or med eprtaxra sar ST X ayer 1s

conpressi ve .strai a thrcknes | ess.than its criti aI t.hi ckn

W th T espectinill LI 47 AGtetPn e Sl ayegétémqrr 5 G dRRABSAR T 1, b the
formed epitaxially on said sixth |ayer, QD3 a erqhth | ayer
of undoped 3hove {gshanpgl faver &pi Likepase ghedhrcsgﬁsa 0§éaverntﬁtslrcax}‘éremaam a\vrrhﬁfﬁtwal
| ayer of doped Si f_xGeX formed epitaxially on said eighth |ayer, wherein a
strain rel i thickpess of  $iGe layerswithirespacs to theyasticenipacieg amttr@pelﬁcﬁxelamé layere k2, and
first and second over shoot layers, Si~ ", Ge"~ and Si, _nGen, for the case
when x is othegireferrtddiickOess iolin kieviange fropy EteBras witl uep:@ferﬂ:dﬁﬁe cbfpositivm in the
| ayer ed structure of claim®64 wherein said first over-shoot |ayer,

Si~_", Gm @ﬁam%”/ﬁtogif%"irﬂthé%Ldee\i['he%tli)léﬁl'[sea &fax@@ﬁiggs@eg gtayé@yer has a Ge
fraction m ere mis the range fromO0.05 to less t . "66. The

| ayered structure of claim64 wherein sai d second over - shoot | ayer,

Si~ nG", wthin the strain relief structure of said first |layer has a Ge
fraction n, where n = in the range from0.0l to 0.1, .an

havi ng a thi cknessNEEsa ﬂi“FéHn‘ii‘ﬂ%eﬁcsr‘ eilever 16 {pxeent yawapted) bagkeseund %@’%ﬁﬂm the

first |ayer.
CVD system) is epitaxially grown over layer 15 and similar to layers 14-15, functions as a spacer

layer to further separate the dopants in layer 13 from the above Ge channel 17 in order to maintain
a high hole mobility in layer 17. Again similar to layers 14-15, the thickness of layer 16 should
remain below the critical thickness of a SiGe layer with respect to the lattice spacing at interface
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67. ‘Th\e Iayemo Lyycture of claim64 wherein the active device regionis a
‘buri ed channel maée up of an epitaxial Ge channel of said sixtPCT/H§&EV06258

havi ng a hi gher conpressive strain to provide a deeper quant ﬁ% (a)zoﬁa

hi gher barrier for better hole confinement with no alloy scat \' ,
conpared to ingle Site layer channel device alone, 68. The | ayered
structure o}@gﬁsrﬁﬁg?‘gl?y%g%e egx;,;fedre itiekness,ofdayer d 6rip imithg renge feomp & teaé rrewith a
where 3D growh of Ge filnms does not occur to generate interface roughness
probl ens ankreigred GeosRIBRQRitiondn thtaasge from 2075 to 5850 itheiaseewRE igyerit2his afreldeed
films does occur. 69. The | ayered structure of claim64 further including

first and sSceBesslpeer I eglen s avliereadzyics gietfofmdntt WilARRH tFaB8HoRRudimcBEhOMom
the Ge channel region conprising a three |ayer structure of said third

| ayer of T cleiserdu, it ¥ Gedferabiaiis nffliielind Y& thiBknch & B Sohol Inydf CpX 1810 s d

fifth layer of relaxed Si, xGex, and the Seco spacer region i s above the

active Ge channe ki 6k rising,a dissimlar t ayer
structure of sai% cgélggé%%lﬂd?g?;elpedogx ﬁé’legge eitaxiglly grown aboxe g‘y@i %&:’t"h‘cf’/ %@F’O"S
of relaxed Si, xGex. 73?1 ThF Iayﬁred structure of claim64 wherein the Ge
content - of BaPH AHYs fignpebility; p-epanngl 33 for p-channeh feld affeet treasist@s5 Fop Dd@ailed
with a preferred content of a, where a = x - 0.20 - 44 - 19 NOV 2003 and
wher ei n sai ¢s¢riptiea ¢fay /HV<C¥Brmethod fat gravang ng epimkiak keeSim belaosliddnSsubstrate,
critical thickness with respect to said first layer as its surface with

sai d secondrefeagnee is idde 612 S| PytenteNb. 259518109 SOUAKBRRTID. ThuI B Curhlighd® which
content of said fourth layer of Sil _xGex is the range fromO0.5 to 0.8 with

a pref erredsswaed Nt 901993 emilel eHeterocpitaxif): @n%“ﬁﬁ‘%fmgrfxﬁr%iﬁ?qs | &l UL} W%"

is commensurate having a thickness belowits critic ckness w-t

respect to kid: fl { 10t er i th said second.l ayer. ,72. ..

The Iayered"slggt:}?lligcl'tx (EII’ mlgf% geéﬁb%z&\ﬁ?géreéi%ﬂ%ﬁg l%’(%{lgﬁ? %81"’“ §QJF‘H £ ihjghymobility
| ayer of Si~ XGerl :1;9s Ln the.rlﬁ e frgm ?.S,to 0.8 with a preferred content

of c, wher P ERaRN 39, §hq gpitgkia %r“&’ish ST deYies analityyavier jveidcefsciurpladatects, e.g.

having a thickness below its critical thickness.with respect to said first

| ayer as i tS$ackifgdpiicadiny HnIsEres rougivas nrablems besvee layetsafemdd 7s tFonekample,df

claim 64 wherein the Ge content of said seventh layer of Si, xGex is in the

range from e Brefegred @senivhén laygrrldfais redaxedriiniGe, afiayer atiifiRce1% the thicRnés® ofGE

wherein said seventh |ayer is commensurate having a thickness belowits

critical tHaykn@ssaywbe in themnge frohD2 $apsh Ahgsitonl AR 2 Pfefbrte thidkfdst E’rﬁ&e‘é’%ﬂé& of
e

said second | ayer. 74. The | ayered structure of claim64 wherein

content of pggitg 1gbmggrg,ﬁy§§rsh9&n§gmgx@ex is the range from0.5to 0.8 with
a preferred content of b, where b ="x - 0.25 and wherein said eighth | ayer

i s comensur ' ' its critical thickness with
respect to s 21:‘ Shwgélg?‘g‘ﬁ/ Tleﬂrl& g#%?@"?ﬁ%%%@t &?rtthe g%icaarg‘@@(gﬁgmfsé%‘&.e cagg when
The | ayere strﬁ ure OIachl %lm 9 vi/nere' n said bottom spacer region )
conpri sing 1 hree™ &yER*Et P &S 2gisst Withitnublished ewits | wpre theaglate is
structure conprise of a relaxed Si, xGe~ |layer with an adjustabl e thickness
to al | ow t HEPlSPet & Fighp c kFhesrublished ddataawps fromce puldlicativry byeH e Kie, theMeurppl KA.
dose may be optimzed for device applications as a function of tenperature
in the rangdtzgerelé OP4. tYlvapmnk F26. Thikk by eG8d Watsont entledd “Vesi mighd mobility
wherein said top spacer region conprising a two |ayer structure nay be
substi t ut eciwekdimensicriahble dasyre Si/GSi¢/Ger BrueRed gro®m Uy RoleSllAEEmIpitai®eAppl.
| ayer with an adj ustabl e thickness to allow the spacér thickness to be

vari ed accopiginodry esh@sghe G&?1§9§?%W2@9§2§6M %%Pctolé&?}:@g%q h%)%ﬁ) @gx\égeg@c& In

applications as a function of tenperature | e rang

- 45 - 19 T structure of clajm 69 wherein sai oth
Cop and bot 1B SHLeee RPresHERER AOE I W o us aid thebssig reprpssyi Ce channl
structure conprised of a relaxed Sil_rGex |ayer with an adjustable

t hi ckness t %0l PBBhickRess ja cangswoms k nEas relasionship dhetwebna theo measugédy mobiitelof the
the supply dose may be optim zed for device applications as a function of

t enper at ur etwordimkmsionahbele fgao (AIHE) a4 2R ind. the Ge chagnd MicnRES i tar MdulstRnoped
claim64 further including first and second supply | ayers whereby said
first supply layer is below the Ge channelg regi on separated by a bottom
spacer region conprising a three layer structure of said third | ayer of

rel axed Si, xGex, said fourth layer of relaxed Sil_XGex and said fifth

| ayer of relaxed Sil_xGeX, and said second supply is above the active Ge
channel of said sixth layer further separated by a top spacer region
conprising a dissimlar two |ayer structure of said seventh |ayer of

rel axed Si, xGeX and said eighth | ayer of relaxed Si, xGer. 79. The |ayered
structure of claim64 wherein said second layer is a p-doped Si, XGex |ayer

r s o, = o



82. The | ayered structure of claim64 wherein the supply |layer of said i

ei ght |ayer iwofoos4s38 and separated above the channel region ofpcgaisdobhéks h

| ayer by a relaxed Si, xGex |ayer. - 46 - 19 NOV 2003 83. A Iayere(! .
structure for formng a Ge channel field effect transistor | ShRQ~ @
single crystalline substrate, a first layer of relaxed Si |j<g%w2dﬂ3

epi taxi al |y nefrosahutiud! @W@y WEE Lis @oivh A LHON XvHefe EiGe PRRMH 34 PdPrébemts lOGe
0.8, a second | ayer of formed epitaxially on said first |ayer whereby

sai d second ' r ssi ye r.aj Vi t hi.ck

than-its cr ick’%g{ h{y%lr E)E'ﬂ‘gsga%&g@h&r%sée@? g’t%!ag%ﬂay st r‘?’ﬁ’?’er%@? ﬁﬁ??&‘ oftg%'eg >
of undoped Si, xGeX forned epitaxially, on _said second |ayer,_an fourth

| ayer of gateTEPANELLY? Gerchamas) Tyt y&ce 8 Fbreete 9@@,releeffér%@spﬁea-voiu%amyer grown
relief structure of said first layer of relaxed Si~ xGex includes first and
second over -osho%itsubstiate. s ThSpeak: pagtion obewivesd4 in'Fig!' 3 shiaoving the highest haleemokilitysfor a
greater than 0.5. 84. The |layered structure of claim83 wherein said first
over - shoot  IGeyshannebifabricated'on,a S J,GeJ3, ied dsés cbinfespckit6fan DptitiainUGE clidnnélavidth in
first layer has a Ge fraction m where mis the range fromO0.05 to |ess

than 0.5. 8 am:gelsﬁbfﬁ[ gﬂe’()nstB\rM}'ﬁ]_‘dBEstrﬁfnsC{vﬁlcm i@%n}’@é}&l‘f‘énf‘ aﬁf’éeg\eﬁteﬁgtﬂdth_edprefened

over - shoot Iayer, ) Inthe strailn rellef structure of sal

first |ayer . r i , s = ZyAl S i I e

0 G to b 1 enagent sl v IR Breferty bt Blerri 2R Pk RO, BB
respect to said first |l ayer. 86. The |ayered structure cl ai m 83 wherei n
the active @BW%?éortzﬁiS@m&%“alamr‘? e“é‘“@n%ﬁﬁgf’ 3R Al ORI aﬁn"*@ﬁi‘&é’%?@l OTGé“clk“ess
channel of said second |ayer having a higher conpressive strain to provide
a deeper quavonishbegreatenthan 19 gngstropsend say bein therange filon! E50ctor#00 aagasiomswi t h
no alloy scattering as conpare to a single Si Ge |ayer channel device al one.
87. The | ayer eBigstrshotvsrachigh mobdityrGaThudrel &yer 1him L£prefooret @ntbodimenndebctibe atibve
| ayer of Si~ xGex is in the range from0.5 to 0.8 with a preferred content

of 0.30 andhifg Stabkifi@ifahiis Rypichilly AxS fthanSl 0¢ ABREEIREHF 3hE mARbE NPthR rhideHdiR IS’ to 10°
below its critical thickness with respect to said first layer at its

| nterface wigbhoaRhfl §898MUIANE! 4 hd ndorhdbs bPGE SphtiUitfndertiyet PR ihfafoelss is

1
nm 19 N 8. The layéred structure al m ein the Ge

content X be Wit hin i i \V anti o} D i

cont ent nearkrEaPHCHBE Sl APt b aish | URlsRloRR bl Lt Pl B R e
upper surface qf said third |layer to a ue of about K 0.30. .89, The, |l ayered
SEFuct ure. ofmertagepgh SRERER Buttis s glmer (e @ 8 e fticaistemenitd Fom Sgesrine
dielectric material selected fromthe group consisting of silicon dioxide,
silicon oxyihe rarmel stagking saquenaeraf @gom p&n@sanahq eryitaldattise dne tp ejtheniheinpgtion of an
titanate, al um num oxi de and conbi nati ons thereof. 90. The | ayered

structure ofxtrd kiyen @atoine oeihe remiodaltdfiarmirizh gemiofaySi , ThéGektenngf telaxation of a layer
substituted with a thin strained commensurate Si |ayer suitable for high

t enper at ur e caxxibdatéeternined fogr mehsuving othe alatticghconstaht sychshd ibg OX-dy adiffdetidra YERD)
in said fourth | ayer of gate

techniques.

Above layer 17, a SiGe cap layer 18 is grown having the preferred Ge composition in the range
from 20 to 50% and functions to separate p-channel 39 from the surface and to confine the hole
carriers in layer 17. The thickness for layer 17 may range from 2 to 25 nm, with the preferred

thickness in the range from 10 to 15 nm. Layers 13, 14, 15, 16, and 18 may have the same

composition of silicon and germanium to provide the same lattice spacing where the Ge content
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diel'ectric. @%) The | ayered structure of claim90 wherein said third |ayer
cof Si is undBP WEAEB e strain and is comensurate having a t hirchviesos/kss ow
its critical thickness with respect to said first layer at itegqg f

with said second layer. 92. A layered structure for form ng afgewm
field effect transistor ﬁo rising: a si n%l e crystalline substrate, a first
| ayer of rdnapksdndherangetomg0iaJ0enwith g pesteryecdomngsirem 201e 50%: e theasewign layer
fraction x is the range from0.5 to 0.8, a second |ayer of Ge forned

epi t axi al y 13 ayantarfaqerkfihas g\atticeMpaciop yquslent sea oeiakeld $10iGeb s buffeteayer.
conpressive strain and having a thickness less than its critical thickness
Wth respect to said first layer, a third | ayer of undoped Sil_ xGeX forned
epitaxially on said second |ayer, a fourth |ayer of undoped Si forned
epitaxially o ' ' 4 f £ dielectri ,
formed on sai gh?g%@? ﬂqogézéﬁg%fhéﬁga@alggeér%gn Jse? %ﬁéfp%rnelgg&ﬁtgﬂ%?ﬁ?s@& °1f &}ettﬁ%hf'r
.including fir ond over-shoot |ayers, Si, ", G", and Si, "Ce!,
“within a st°93‘f’¥r’$s§2€ FeEgi ‘?‘ﬁ&f’ﬁ‘P%S“(ﬁfC%g’meE&f\rcﬂge Eﬁﬁ%fl%h Geosopyat lagen Wikipgsgpect
for the case whep X Ls greater than 0.5. - 49 - 19 N Ov 2003 94. The

| ayered st rReheelaxed bedferilaven of lawer 12 4 intarfaces | arising\feom dhecb2%| largerr lattice constant
Sil "~Ge",, within said strain relief structure of said first |layer has a
Ge fracti ofompureiiesr relative so SheThastgectdraioabilily 8 cteatel #denhitres the Somp?Bssivé B@ain in
| ayered structure of claim92 wherein said second over-shoot |ayer,
Sil_"Gen, whé Gerchafiel Sdyedifdrnieal dretheStelaéd BIe Bfiffet Afdafer 191 cah A GEABAR ArePihe
fraction n, where n = x + z and z is in the range fram0.01 to 0.1, "and
havi ng a tRj it | Ll ' i respect to said
Tt | ayer GRAORpAPPAGE Binds of et yrbhain il SEPES MMV, &P FRE apt fapfid for
device region,is auried channel. made up of an epitaxjal Ge channel of

sai d secondq ¥R cﬁ’gbj? RﬁgWFﬁlﬁgﬁ’la‘éﬂi&p@ggie%osé‘i“F‘é‘FWSttBe Priensegandolisst (i) of
quantum wel | or a higher barner for better hole confinenment with no alloy
scat t eri ng thgscarpprpsiively sigingd GenghapnddilaPer redative to hbmreddxed SuixGe. apitayer ofdayer TRe
| ayered structure of claim92 wherein said second |layer is fornmed at

t enper at ur asd istgiven byFThgexpnéssionf Ge fil ns does not occur to generate

i nterface roughness problens and at a tenperature range from 275 -350 C
where 2D growth of Ge filnms does occur. 98. The | ayered structure of claim
92 wherein the Ge content of said third layer of Sil_xGex is in the range
from0.5 to 0.8 with a preferred copten .30,,and erein said third

| ayer is conmensurate having a thi c‘gir%ésts(o'ggl'g\'/vﬁi xcr(g%l cal thickness with
respect to said first layer at its interface with said second |ayer with a
t hi ckness equal to or less than Inm 99. The | ayered structure of claim 92
wherein the Ge content x may be graded within said third |ayer startin
with a hi giderece is Hist G comert of thestglaged; SiGmepilayey of layerdl Zyanddy isgheiGersontantQe the
content towards the upper surface of said third |layer to a val ue of about
0. 30. 100. holeechamnedr dtissformaetiomeis oépariediimadgiblibeioniby R hReogiet addi @ Beuh rentitlcif
said fourth layer is a dielectric nmaterial selected fromthe group

consi sti ng“Bindi dligh@entsli 6Xi chherefitly | GRMe@XGRALLI[ JHE heteldsirEQBred b8 | d01> Ge,Siy.,
tantal um oxi de, bariumstrontiumtitanate, alum num oxi de and conbi nati ons

t her eof . - 49 -, 2 I ed rycture of. claim .
wher ei n sais‘ébs?rﬁ'%ers d ‘?%Jyelrg\{lgf E%?%g@’xﬁr:g?})@égé’u@hs% é{[}“gﬂ 'Pané’rﬁcﬁ?tﬁg%erem by.
strained co nsurﬁae Si |, r sui tzf\bl e for high tenperature oxidation in
for mat i on_ GHOtERE. gMeTa APerifeall) the ofpledr Rrerh diseqraimuit (A% dox lyer b7 & pahure Oe
gate dielectric. 102, The.layered structure of claim92 wherein said fourth
| ayer of Sichinmelufedwed orersi relaxetr$ii sGaphfi layeardrnwosld rat 396haeV nehich ishincdffeetbe
below its critical thickness with respect to

quantum well or potential barrier for hole confinement. Importantly, the compressive strain in the

SiGe or Ge layer also serves to split the valence band into the heavy hole and light-hole bands

whereby the hole transport in the upper valence band with the lighter hole mass for carrier
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said first layer at its interface with said second | ayer. 103. A layered
structure fokyd gysibs a field effect transistor conprising: a Féfi‘ﬂl',sﬁomsiss
crystalline substrate, a first layer of relaxed Sil_xGex forned epitaxially
. on said substrate where Ge fraction x is the range fromo0.5 t‘bg)[‘&VaZUDfﬂ
second | ayer of Ge formed epitaxially on said first |ayer whereby said .

second | ayefrahspornalBhg CHRB PSRV chanhel aivill aasdlt Niavérhgndedt Role knesiktidsesifat tdoalkd be
its critical thickness with respect to said first layer, a third |ayer of

undoped Sil _. r [ i ak | [ 14, _ , | t ey
gate el ect rgggﬂg%l&]ﬂe@%ﬁ%ga#gﬁbﬁé rb gloﬁgtyhé?,f&a{ﬁ 15 ﬁﬁggﬁj é}%ﬁﬁg e?deéi?‘éoc?\tt@? gga){g#si ‘lf@sﬁf "
type forned and, |l ocated qn.on ide.of said first gate el.ectraode first
drai n regi OWP&FF‘“%lg?Yer &MY c&d’gﬂ'étdﬁ;ﬁ@ / Ieléc?ét”é@"(?ﬂqf’ ReP 1ﬁ:g+ongl?ydg/l. 3}0@55 gt 2t
first gate el ectrode whereby a first field-effect transistor structure is
formed of aeiftitledt“A Y&, G&lwotGate dength MO Soheahnelpeyi DesiapaansldPiggessHasues”, IEDM
sel ective renoval of at |east said third |ayer through said second |ayer, a
second Schopslsgs gaCensehesitiyoe iedsured hole swobilitiehiin ehd aycwpiedolsalé iband domilehhigh
respect to said electrical isolation regions to be electrically isolated
fromsaid f Hosﬂigf b8 L:Harg.u $FhnkchA8 howirdih Fig 1YL Wihe rﬁgéﬁeﬂnﬂsmgearg%@atéﬁamzooo

of a second typ ormed and | ocated on one side sald second gate

el.ectrode, ang d draj,n _reaion econd farmed an

theof her  sFZVar S0tk Rubd Bt ar 0o REERAE: bk 39 RBRATH AR B i e
transi stor structure is fornmed of a %eﬁgndké%ge. 104. The | ayered structure
of claim1 when lager YTisa er ehgnnel withzghicknags e ramdOitpilédim i sol at i on
regions created by the selective renoval of at |east said seventh |ayer

t hrough sai d Ferberchoraingrig. B cBoiedtTt showsdhemedsered twddlihensinsdl ke gasesi(2E8{@hkale
| ayer, a source electrode forned and | ocated on one side of said gate

el ectrode, aindility Belavivrelses fimotien bOremtraned fope abed-ohmnehd9 atittes thickiesobf 138
said gate el ectrode whereby a field-effect transistor structure is forned.

10s. The 'axg-’sﬁ@nétag WESwW & BE. £WRb I2prbpériyebwh Bf 4ehnd SiglE& L tuERt layer 12. It
I solation redlons created by the selective renoval of at |east said sixth

layer thr Ougshno%gci %a? Qv%%gqhé @éeﬂ’-channel layer is grown on a lower content buffer from layer 12 of

Sip1sGeoes Or on an unsuitable SiGe buffer layer, a degraded mobility behavior will be observed
which would be associated with a poor quality or defective Ge channel structure showing the
sensitivity of the Ge p-channel 39 to the proper design of layer 12 such as the composition profile,
extent of relaxation, and remaining stacking faults and misfit dislocations. In Fig. 5, the ordinate
on the left side represents hole mobility i, in cm*/Vs and the abscissa represents temperature in
degrees K. The measured mobilities as shown by curve 37 for a Ge p-channel 39 are a factor of 9
to 10 higher than that found in Si p-channel field effect transistors. The measured mobilities as
shown by curve 37 for Ge p-channel 33 had a defect density similar to that shown in Fig. 4 and is
typically in the range from 10° to 10° defects’em®. In Fig. 5, the ordinate on the right side
represents sheet density in holes/cm.z and curve 38 shows the corresponding carrier density for the

measured mobilities of curve 37 as a function of temperature. At 300K, the mobility uy of Ge
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a Schottky gag,@?gdégﬁssr ode formed on said sixth |ayer, a source el ectrode
formed and | ocated oOn one side of said gate electrode, and a drEdTUs00/06258

el ectrode fornmed and | ocated on the other side of said gate e egtlgI

whereby a field-effect transistor structure is formed. 106. THedJl &003
structure of_ ¢l aj f i ngludi ng, el ectrical isolation regions
created by t%gﬂag{é‘gﬂe%ie\gg{l% 2%\9&"’ 6\?5 3t 2 |shegt camigr @engityt of 1.69¢40'™ bmAught 26K dthe
second | ayer, a.Schottky gate el ectrode formed on said sixth |layer, a
source el ectPORIBYTH K& Paghinne) 38 eeunlot, Yrens et afshedicarigrlichsky 6E4 5089 cand
a drain el ectrgde ;]or med and | ocated on the other side of said gate

el ectrode wher dhynaltéinetectnbblimeht $hoah FipO ' he (L

| ayered structure of claim34 further i anI gdﬁgpgiﬁfgﬁe?égfge?@gfgﬁggél-g Shown
regi ons creas @ by fdrhgamsleeSiGe\ |, ofc.at least sajd fifth |ayer

t hrough said sfakco%d Iaye?l,e’ glugcsﬁ%{ef @X@é‘togr Séﬁ&é?‘?%ﬁéy?roirﬁg@’dé’&? spased layex tmay
| ayer, a so r r nd. | ocated on one side of said gate

el ect rode, gﬁgﬁg%ﬁg&r@g&ecﬁ?ﬁ% '%8%?%“&%1 1 ddayered stmcture] Gwithout Satdeduoihg any
said gate el ectrode V\/r]erebx a field-effect transistor structure is formed.
108. The | ay@Ufegradgtion inghe holg canfinemsntiand miability nfthedtarrigrs Bl Peiarhe 39, In Fig. 6,
i solation regions created by the selective renoval of at |east said seventh
| ayer throué}ge sef¢ergnass @tsriped Ay dunctiansSminesokting 86 the@lpparaf@@e Ffg0 med on said
sevent h | ayer, 19 NOV 2003 -51 a source electrode formed and | ocated on
one side of said gate electrode, and a drain electrode forned and | ocated
on the other side of said gate el ectrode whereby a field-effect transistor

structure is flanh@desighdsta hb@uRNSIBE &évfclé%)ué@slgc{)mf {qg!-iigngel éefgi%‘r,gt]ﬁr@l%\cheb@f

including, electrical isolation regions creat

at | east saj i a ough .sai d second | ayer, a Schottky gate
el ectrode f : T r‘r:gxldﬂ énrpsl gi ?é’f%ﬂ‘{ K Wg‘éi,@r",wr QE%G?IEQ“QF’BEQTFWMWEFMP%MO optimize

located on gne side q{i}.sai dﬂ)g)ate el ectrode, and a drain el ectrode forned
and | ocat ed oA TGYEY TApspoTiAt lawitempgsateres (e lase thanvih 20 &) bydufthe| dpaidacss
transistor structure is fornmed. 110. The | ayered structure of claim1l
further inctdiCHYE canes i pehinnplsi] fiom dmized dolerdonorsaatiedsupylytiRr 18! ShbyiRless
removal of at |east said seventh |ayer through said second | ayer, a gate

diel ectric foproen temperatiick tsansport, hhdrejsatininil G5¥efyaBle el OGSnk Of '
gate dielectric, a source electrode fornmed and | ocated onngneg@iquﬁe%oc?@s%}ecff

gat e el ect rthdahreanpacar Hyersfor kRiplO9Ge 95eR s 3P4 n,khe ©ther side
of said gate el ectrode whereby aﬁfli el d- e§fect Psgesfpg%%ﬂa)%{rlé&rﬁ © pRacer layer
for med. 16 is present to space Ge channel 81 of modulation-doped device 80 from supply layer 13.

Likewise, there is minimal observable effect (if any at all) when only two of the three spacers, for

example a dual spacer combination of either layers 14 and 15 or layers 14 and 16 or layers 15 and

16 is present to space Ge channel 81 of modulation-doped device 80 from layer 13.

In an alternate embodiment shown in Fig. 7, layered structure 90 has a channel 40 comprising a
Ge layer 17 formed above buffer layer 12. SiGe layer 16 is formed above channel 40, SiGe layer
15 is formed above layer 16, SiGe layer 14 is formed above layer 15, and the supply layer,

p-doped SiGe layer 13 is formed above SiGe layer 14. A dielectric layer 41, for example, silicon



111. The layered structure of claim 12 further including, electrical

i sol ation regpo@issnsecated by the selective renoval of at | eastpE@iishodsssh

| ayer through said second |ayer, a gate dielectric formed on said sixth ‘
| ayer, a gate electrode forned on said gate dielectric, a1 Q)N@V Eﬂaatrode
formed and | ocated on one side of said gate electrode, and a drain _
el ectrode fiuyims saR6n loxgaitriid, on ahinsingh heddesiscforméd saerdSigkt byed &bt rlodsg. 7, like
whereby a field-effect transistor structure is forned. 112. The | ayered
structure qlerlaln2fsdiibt fEidmebitipbadingleaeabpats okl ion regions
created by e selective renoval of at |east said sixth layer through said
second | ayer, a gate dielectric forned on said sixth |layer, a gate

el ectrode formed on said gate dielectric, 19 NOV 2003 -52 a source

el ectrode formed and | ocated on one side of said, gate, e|lectro and .a .
drain el ectrode afl@)reﬂﬁhﬁwm(?@aSPE%PI%)?Prt%@OS"EW&“‘Q Qchg,a?%P@Q?EYQSéEF’%"é’
whereby a field-effect transistor structure is formed. 113. The Iatyered
structure abogd adtive Idariner 4thas shomalinFigaJ, thelastive p-channek4) istcomprisesgefonsgrained Ge
created by the selective renoval of at least said fifth |layer through said

second | ay§Lver 3793k 81634 Biah theCeritiRhintbidkmis Sith despetiltbp tiryletice apagirigent interface 91.
el ectrode foyrmed on said gate dielectric, a source el ectrode forned and

and | ocat odCBevehd? 4t Ruiigd ShfenE) PAC 46 6m Flztale O oL A 17 HUAGIR: LOMERfame!

and | ocat ed“ s gate el ectrode ereby a field-effect
transistor structure is fornmed.. 114 The | ayered structure..of cl ai :
further ingegignd of aifiskk sffechiransistora Negh SP%%*}/g@(ﬁ“cﬁ%’&f‘é’%ﬁ%@’&ﬁég%‘%f @?{ﬁfé SiGe
renmoval of at |east said seventh |ayer through said second Iaﬁrmﬁiﬂate

di el ectri ¢ spacerdaheodSsandd $Gospager laxgel6 age grava evee chansgklaye by ntigns to
- gate dielectric, a source electrode forned and | ocated on one side of said

gate el ect r@gfrateaihe dopatitgiim tiel gieive adpplf dayerd3 dimin It helew astive kbangehlayersi e 40.
of said gate el ectrode whereby a field-effect transistor structure is

for med. 115Abc;Ué%tpl\&y fiyeth £ tarpledped SiQE seiph By& 4 3fisifdrined whitk fuskitiogs as a donor layer

el ectrical isolation regions created by the selective renoval of at |east

said eighth |s§§§$,]§y§{ gg?cuél 'aeﬁiéfg %}?aggég r]‘zgrel' #7840, Pndgbmafliue ﬁ)ﬁﬁﬁsﬁiofl Qhdeck@Bss for

sai d ei ght I ormed on sard gate l'ectric, a
source el ectrode_forned and_ |l gcated on one side of said gate e (c
a drain el deyersda Yopdfels. 2Ad 136‘&%?%‘38&%@ sueng Ty hos? °£§‘fed*e§e§%"e°9qlﬁmb@"§
el ectrode whereby a field-effect transistor structure is f,qgr nmed. t3[16. Jr\)elow
| ayer ed st rEigt drwhicli shows m G chamnchayeredcstivgiusg, 1 0cwith ithe Sie jsuppin da¥gh 1° ¢
regions created by the selective renoval of at |east said fourth | ayer
through sai ¢hagfelarfd 8l ayierthis daygeddestaicare design, fthe mepply leyemprithgan-doppdebisieipyeg of
of said fourth |ayer, _ N
layer 13 can be further separated above the active Ge channel of layer 17, 40 with the addition of
a strained Si spacer layer between layers 16 and Jayer 15, or between layers 15 and layer 14, or
between layers 14 and layer 13. The thickness for this additional strained Si spacer should remain
below the critical thickness of a Si layer with respect to the lattice spacing at interface 91 of

relaxed layer 12, and is preferred to be added between layers 14 and 13.

In an alternate embodiment shown in Fig. 8, layered structure 92 has a supply layer comprising
a p-doped SiGe layer 13 formed above buffer layer 12. SiGe layer 14 is formed above supply

layer 13, SiGe layer 15 is formed above layer 14, channel 42 comprising a Ge layer 17 is formed
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- 53 - 19 Ncwg%(ra%gjﬁ source el ectrode forned and | ocated on one side of .
.said gate ele and a drain electrode formed and | ocat ed R&T/E$08/0685her
side of said gate el ectrode whereby a field-effect transist10 tructure i s
formed. 117. The | ayered structure of claim92 further incl bﬁﬁv 2[]

el ectrical isolation region the sel ective renoval qof at Ieast
said 11 oh PR S BT SEtkrer Ry cngnsbit SBedtiendd is drmed abmesiren
gate diel ectrlc of said fifth |ayer, a source electrode forned and | ocated
on one si delSof angahe sepp'e lyFre Prdaped, SiGaiayer HY db foraied cabowel SiGeolayredi 4anch dielectric
| ocated on the other side of said gate el ectrode whereby a field-effect
transi st or lsger 4dt foreexamplepsitienh dibgide, Micvatdwyditfidy, sflieominigd®-temalomedxidd, hsum
effect transistors conprising the steps of: selecting a single crystalline

substrate, strahifiiGitahafe drdunhiaiffoxfe i§ AIrREEdve! SiGE R4r ?P' tIﬁS’ﬁ%'S' yké)ﬂfe?éﬂcgs are
substrate where Ge fraction x is in the range from ormn

second | ay ai,d flrst | ayer, formng a
third Iaye(r%{Se for%%ﬂ: ﬁgﬁ@xﬁggﬁ%fﬁﬂ “ﬁ ogrl;‘s%éi d second layer, formng a
fourth |ayer of undoped Sil _xGex epitaxially on said third layer, formng a
fifth layer of undoped Si, _xGex epitaxially on said fourth layer, formng a
sixth layer of Ge epitaxial|y on said fifth layer whereby said sixth | ayer

i s under conpingddltgmate smhoqmigny shoye ig Rigyi¢ layered straesure; Yaliasjatsupply layercegmprising
thickness with respect to the upper surface of said first layer, formng a
sevent h | ayep-dopedsbiGexiayex Idpformed abdve toffes kiver $2.x1SkG¢ dyer 14 énfdrhed abave supply
first and second over-shoot layers, Sil ,nG", and Sit nGe", within a

strain relilgfer $3SiGeuayer 0f isfaimed dbost lalya’)’ﬁtr Siﬁie la9éroped fecrlnied&g"@% Thyr 15 "éhannel
case when x is greater than 0.5. 119. The et hod of cI aim 118 wherein said

step of fOrgidaghpsiding afGerli%'erQ‘?‘?f fore@hbdveY Aer 181 SiG er 15 \é,-ge&?hac gg chdnh@i A,

relief structuré of said tirst |ayer |nc es for

where mis s th

mechod of - HEF HERER if OB 8e Ahed 5" 3p rwnféqwav et i gﬂd%fmd
llayer, Si thin th ra| reI structure of said first

i ncl udes f@P?ﬁ"?ﬁ%‘dMl r 14’ §ﬂle ecﬂ? E(ffeé |5’8F|°'h ioide slicAn °x35{“md§ Sﬁ’ﬁ%“
z is in the range from0.01 to 0.1, and having a a thickness | ess than its
critical tHitERpaatalym ﬁx%iﬁfﬂlﬂ“ SLEPNLRN ditanages pr Rlagéum ezide infompe guerf Bpe layer
form ng p-channel field effect transistors conprising the steps of:

sel ecting a33i hyfis. e referenaes atputsed fartfienctibny eorregpandirigrtstthd apperatusfof Figl axed
Si ~ xGex epitaxially on said substrate where Ge fraction x is in the range
from0.5 to 0.8, formng a second |ayer of doped Sil_xCex epitaxially on
said first layer, formng a third Iayer of undoped Sil_xGex epitaxially on

said second | aygross fefion wgwaffacsérfiah hedlifgh {%bm ﬁE*u%@%&@cmstﬁzswahM
on said third | ayer, formngaflft | ayer of epitaxially on said f our?h
| ayer wher ejpy ofifighdd High mBbifify o P

t hi ckness | ess tha% |ts£*::r| tll 8’ e ngg\g w‘fﬁ%régﬁlg%t lrc%yégg(?%n% rrgofﬁg 3

ayer! 1224 Aefialllnd FIOBREE B ﬁ%“ﬁf*sc RSt 1o 8P sBf B I ey Febisance
conpri sing atspoecla%é with 8 Schotgcyeg%lieldnogev%e %tlnrx]c 1',;%, grqdy tﬂa %lrclge?seusiglgsrgcr]\gxtes patterning and
evaporation of the gate metalization prior to the source/drain ohmic metalization. Typically, a
T-shaped gate 92 is fabricated such that the gate overhang 93 serves as a mask for the source and
drain ohmic contact evaporation which prevents shorting of the source drain ohmic contacts 95

and 96 to Schottky gate 92. A Pt ohmic contact process having a low contact resistance to SiGe

layers has been reported in a publication by M. Arafa, K. Ismail, J.O. Chu, M.S. Meyerson, and L.
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formng a first layer of relaxed Si, xGex epitaxially on said substrate -
where CGe frasoomsss3s s the range from0.5 to 0.8, fornmng a sep@n@sbmgs of
Ge epitaxially on said first |layer whereby said second Iayer i s under
conpressive strain and having a thickness less than its crit g NOVi Zﬂﬂﬁess

Wi th respect to said first layer, formng a third | ayer of undoped

Si~__rGex eRHEs?&d @htikl¥d OB FRGHZYP L8RP gantpsm-ng gried ey deSiGRWEODFET”, IEEE
undoped Sil xGeX epitaxially on said third layer, forming a fifth | ayer of

undoped Si | axj, gl [ ]
p- doped Si | E@%&‘?é ‘i%efair %lllﬂ1 BroeZidoq ?’Ptsﬁglsg%‘?‘,fchangg%g’q’”‘% FRydih By heighce?
second over-shoot |ayers, Si ~ ", G", and Sil_"Gen, within a strain relief
structure of said first layer of relaxed Si, xGex. 123. A nethod for

form ng p-channel field effect transistors conprising the steps of:

sel ecting a si fdledabricptiomis¢hiems foupMOBFET degicailfg starts iwit dqﬁatﬂ@rth@)ﬁﬂf\@l asgasia
Si, xCGex epitaxially on said substrate where Ge fraction x is the range

. fromo.5 t om@saSisolation &bhing TslloNEN b2 Bpdrating arglepositpfdSiCaye fornf theield regions 98
epitaxially on said first layer whereby said second layer is under

conpr essi veahih@ithe a&ﬁbehawleega@at hnré< gaasstﬂua%& rmttﬁrts iphfierfinigt é4mdbe b@r‘f@ﬂﬁ{kﬂsﬁ a
with respect to said f| rst layer, formng a th | ayer of "undoped Sil _XGeX

ep| t axi al | Yp C u

Si | _XGex epr axi a( on ‘sai A?W &Bf&gye{r}gﬂ%&&ﬁ énlgaanfa(%é f‘%}gﬂ&p@ﬂowa% e&he
Si | xGeXeprtaxraIIy n.said fourth ndformn frrst nds

over - shoot r‘ayeraémsf"?‘ hﬁ@ﬂ] %ngé"gr fhea’éér‘épe i $34§ rf“HCté’%r ﬁ?’ﬁp'?sif s??%ﬁ}%"
of said first |ayer of relaxed Si, xCex. .124. A nethod for forc

p-channel fmetaflizapgrestack PZnsh duisr J0¢ ohdhiiis formed ipa SiEedayepfl8. sférle@rrlﬁa of Mo is
single crystalline substrate, formng a first layer of relaxed Si, xGex

epi t axi al | yfoomed aver theidst rAatagerV\}Oércé‘ Reas formed pwer layer $03 and h@ymaﬁgfeoff A forged
to 0.8, formng a second | ayer of doped Si, xGeX epitaxially on said first

| ayer, formpag 1ayel 103 dSbarge &n&ﬁraﬂfﬁlﬁﬁedoxﬁadts_gf@iﬁ D¢ B iferined byrevaporatinpeRtarver
| ayer, form ng a fourth layer of undoped Sil_xGeX epitaxially on said thi rd

| ayer, for Mrgaged bt RidcRVe tstovR 15PHA DN @Y ard nRinEhch Q4 kel ¥R B oRBN
aye

sai d fifth er conpressrve strain and has a thickness | ess

its critica Ss with respe first t
ayer of uniBRLEG Y ol dsiE B dhrls it et hitins, SRS SoOBHE Abf bt e
sevent h Iayer of undoped Sil _xCGex epitaxi aIIy on ,sai d srxth | ayer foratg q
an ei ght h | beear degpongeped alng it X sefjialignadatonipeiainin-gate SURHCH as goteymingd, by the
form ng first and second over-shoot |ayers, Si~_",Ge", and Sil_"Ge", within
a strain rebverhamg 9ucf +0.& of. Self-dligned sfevicesywith agatedéngsheof Gi punxmye. begm fibrigated
nmet hod for forcing p-channel field effect transistors conprising the steps

of : sel ecti pf higlSmBBilify @rdisddatt ichghnsLQAichAéLhavirel dThalg nidbility SF 175y em*/w (30,900
rel axed Si~_XGeX epitaxially on said substrate where Ge fraction x is in

the range f ﬂEV'VQ St b tngéerruFE P =277 §60hd ﬂh@éée(‘ievfbtes Qﬂﬂﬁ%d&do&%@ﬁéeratute peak

epitaxially on sar dfirst lTayer, formng a third | ayer of undoped xGex
epitaxially on said s 0 ped

o1 xGex epfRARTRITRERORANERY Bl pigh Fa gl b o ffffﬂffgs““ewr SRTARE
Sil xGex epitaxially on said fourth Ia r

sixth Iayerc%‘fre%Q“ é%t'ﬁ??f"é’f’f’&%‘f?%ﬁ‘ﬁ“ fq(nf t4 I‘é&/eﬁlo\\//mé'?g‘g Ry I}‘gé? Pgl"‘kl §§t5‘PS1°
i s under conpressive strain and has a thickness less than its critical

thi ckness winehscodyssances of 623 mSfmmdave hgesrachiewadngtreyemlowiey bigs Noltagpetl Yoy = 0.2V,
undoped Si ~_XCGex epitaxially on said sixth layer, formng a eighth |ayer of
undoped Si ~andehbsefat itaisiteelibyedothiss?l & erenseortduciaageeis, thé bighesiyabverevat heplogipe for a
of doped Si ~ xGex epitaxially on said eighth |ayer, and formng first and
second over stpp@ﬁelh.@ﬁg&stmngsm Ge", and Sil _nGe", within a strain relief
structure OP Said first |ayer of reI axed Si, XGex. 126. A nethod for
formng a Ge channel field effect transistor conprising the steps of:

sel ecting a single crystalline substrate, formng a first layer of rel axed
Sil_XGex epitaxially on said substrate where Ge fraction x is the range
from0.5 to 0.8, forming a second |layer of Ge epitaxially on said first

| ayer whereby said second | ayer is under conpressive strain and having a
thickness less than its critical thicknessemth respect to said first

| ayer, formng a third |layer of undoped Sip _rGeX epitaxially on said
second layer, and formng a fourth layer of gate dielectric on said third

| ayer, and formng first and second over-shoot |ayers, Sil_",G", and

Si~ "Gen, within a strain relief structure of said first [ayer of rel axed
Sil_xGeX 127. A nmethod for formng a Ge channel field effect transistor
corrprr Si ng the steps of sel ectr ing.a sr ngl e crystal I | ne substrate form ng

g . . ~




forming a th'h;.d I/a r of undoped Si, XGex epitaxially on said second | ayer,
~forming-a fo 905 grﬁer of undoped Si epitaxially on said thir®OTAIEEP/06258

formng a fifth layer of gate dielectric on said fourth |aygr form ng
first and second over-shoot |ayers, Si, ",CG", and Sil Ge?gnﬂﬁ{‘n@dg

strain relief structure of, said first layer of relaxed Sil _xGex.. 19 NOV
2003 128. A ne?\rfdassf%?F“?'bYlﬁ’Wrﬁ adq Ehaa"fipftwmsamgﬁﬂ defiem} 1 Csinpypprating the
steps of: selecting a single crystalline substrate, formng a first |ayer
of rel axed Siykres Gouctepd obbigal isyshowngmFig. $Ubdt Fizt &1 wikerrefefimcéy are isainfox funstions
the range fromO0.5 to 0.8, form ng a second |ayer of CGe epitaxially on said
first |ayer coh@bending @ thesapparachsl ofRdds. 1 SndiNJETA BABMRTSi €1 1S§ucRIal sifibsh dioxide,
having a thickness less than its critical thickness with respect to said
first layer . ] Ae t B ; r ] i . el Lall '
second | ayer P TRHrRs! IhE NENR 1 e SRR ek SERLAPLGE Bl Bt
formng a firs ur ce . .regi f fiyst, t.ype,and cat ed .on gne side ,o .
‘said first %Yi’ezﬁ)@iﬁdr%ﬁg?ls%er ﬁYeﬁgga pplﬁlm%pé?yﬁr #i}%f’@ﬁ%&fo? i%vsﬁgqﬁs}s?{e&%
| ocated on the other side tpf said first_gate electrode whereby a first
10l d-ef fect It PahEatiarasd ©oTR Eatesctroge ) Hokar e device spctptenl Of Y signgpte electrode
el-ectrical isolation regions by the sel éctive renoval of at |east said
third | ayer lHhrsouxgs regipel | b errheraingpgion 11 Dmay he famed by neh Bufantatiop ogetther side of
el ectrode on said third |l ayer positioned with respect to said electrical
i sol ati on r egigafseleardie 14B éctheilpetddystructateal 100 Soumanidehid blirfic chinattd ¢idt @idwn)
transi stor structure, formng a second source region of a second type and

l.ocated on Qihebéif&’ﬁnéafbyS&hﬁhﬁ&%’f&ﬂliﬂﬁ&@oﬁ'tﬁ&hﬁ&?‘%urf?d&doff ;RfuP@enng'@n_SﬁQOz{Hé drain
. drain region of a second type and | ocated on the other side of said second

gate el ectr Whey eRy. Lel t ns,| r u i
of a secondp%‘\?oﬁ’e. 12§. ga%]giﬁﬁ\g{iﬂs&%begflqgﬁgy%%l fggﬂe?’urrl E'Eah(r%l: f%% Iogg‘#en%a?? h’g“‘g‘%g@g
of, formng a fi rtst Schot t.k ate el ectrode on said seventh | ayer, formng
a first souPB¥ R1REPIPE L AUMYC FOEAHEd on one side of said first gate
el ectrode, and formng.-a first drain electrode and | ocated on the other
side of said first gate electrode whereby a first field-effect transistor
structure is fornmed. 130. The nethod of claim 129 further including the
steps of, for niregossisection \dew of 8 &Feagamplementsino modigtiorhéopsd | (EMONEFETE devieg 141 is
at |l east said seventh |ayer through said second | ayer, 19 NOvV 2003 -58

' shown in Fig. 12. In Fig. 12, like references are used for functions corresponding to the apparatus

of Figs. 1 and 10. Fig. 12 shows p-MODFET device 100 which is also shown in Fig. 10.
Adjacent p-MODFET device 100 is n-MOS-MODFET 124. A gate dielectric 121 such as silicon
dioxide, silicon oxynif:ride, silicon nitride, tantalum oxide, barium strontium titangte or aluminum
oxide may be formed above SiGe layer 18. Ann" poiysilicon layer 122 may be formed over gate
dielectric 121 and patterned to form gate electrode 123 for the Ge n-MOS-MODFET device
structure 124. Using gate electrode 123, n" source region 125 and n™ drain region 126 may be
formed by ion implantation on either side of the gate electrode 123 to form the Ge
n-MOS-MODFET device structure 124. A gate sidewall spacer 127 may be formed on either side

of the gate electrode 123 to complete the N-MOS-MODFET device structure 124. Source and
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- eZeee% { f f g+g3ggggAhj hhi 5i

forming a second gate dielectric on said seventh layer, formng a second *
gate el ect roHO 006438 d gate dielectric, form ng a second sour PETAISHOM6256 e
and | ocated on one side of said second gate el ectrode, and form ng a second
drain el ectrode on the other side of said second gate el edt goN@V/qlﬁ]ﬂ&y a
second field-effect transistor structure is forned. o '

. A3. Al {_. Admimaleniseentasto(nat sipwnh capbeypattened agdsfosmed by, simndard metadlizgtionn g
A A A3r. AA A, .A3U A _ AR Ar A A A2 A r. AU A{. AE. A

. AY. AHY. Al upperAhrfadd3f sofircé\rditiohH 28nid Afinfegiain. 1869. Al % AS5_. AHL. AHL. AH9. A] . A5s
| .A[ . AHL. Al. An. A5. A[. Ans1' =g%:u u *SZ

zupkfa\ VU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] c&aU] ca
Ul ca] c<a] ca] c”a] ca] ca] cfa] c”a]c”ha]c(aUca -:?49ETa+ $ P U Z h

L e

33&3334h44V667{ 777888199 : %) .D; P; =?zunhg” C a

V) oa] cal c SRR $ea ORfave Lhfociape hosE PUdsa et d s bIoh R d (2 sbay dhepag
.ca)jca]c(a]calca

??j] CO]C{ EIC]CMg@BﬂH diglequnie Javer 4 keeasrempler silicrmdioxips Sermed et 8iGelprer) a) e fpoap
cajca]c(aU c(a]c(al]caV]ca]ca]ca]ca]c(a]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]c(al
cal] ca] ca] gedrcar NG AR NET FBYicE Riruftute” ] 40. ~]lh |Hig 13, like-referehems rdne i¥gdc fof
cal ca]ca]ca] ca]ca]ca]ca]ca]c(alU c(a]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca
] ca] ca] ca] gakcHnCadea ,61@&%‘%&6 Agbhabunes of Fddid In the near surface Ge channel layered

1]}xsnid_Z]ca]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]cal

c(al cal cal @l il el 15 CRITPEERLE Ahe abeR) 68 LAdhER] £PIsHRbCRHRE] 63'jer 12C to

nmmm_nnn+0E000; XX XX nmhc cla al.c calc(all.c(alc a c

] ca] ca] ca] é%‘gfegé?% gf (a:écf [?XTTCJJ])% g%s%gﬁaé%lfe((:g}tbcé?%‘h%?%c‘éjihc%féeﬁ‘} ?C]ai%g g&%%ﬁng
V*L3m , : ,

. BONs| wql gBY Mpesface PEajlangrch Rastiope anthesthpenf eegiom] thptafield)dfepcupmsifira) Abave
a] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! sFOI'=a. | : } xsmhb] X] c] ca] ca] c”a]
c(aU] c( a] ccbdnpel] lewdr dd]l carj vedoped Sujeclayear ey ained votugheseresajas &) eoq] lever der) foanivg
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side of the gate electrode 123’ to complete the p-MOSFET device structure 146. Source and

drain ohmic contacts (not shown) can be patterned and formed by standard metallization on the

upper surface of source region 125’ and drain region 126’

Adjacent p-MODFET device 146 is n-MODFET 124°’. A gate dielectric 41 such as silicon
dioxide, silicon oxynitride, silicon nitride, tantalum oxide, barium strontium titanate or aluminum
oxide may be formgd above SiGe layer 142. A doped such as n™ polysilicon layer 122 ﬁ1ay be
formed over gate dielectric 41 and patterned to form gate electrode 123 for the Ge n-MOSFET
deyice structure 124°. Using gate electrode 123, n™ source region 125 and n” drain region 126
may be formed by ion implantation on either side of the gate electrode 123 10 form the Ge
n-MOSFET device structure 124°. A gate sidewall spacer 127 may be formed on either side of
the gate electrode 123 to complete the p-MOSFET device structure 124. Source and drain ohmic
contacts (not shown) can be patterned and formed by standard metallization on the upper surface
of source region 125 and drain region 126. Device isolation regions such as field régions 98 or
deep trenches shown in Figs. 10 and 11 may be formed to separate the p-MOSFET device

structure 146 from the n-MOSFET device structure 124°.
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enhancement mode FET. Ohmic contacts 95’ and 96’ are in ohmic contact  to source region

125’ and drain gregion 126, respectively, which may be formed by ion implantation to form n-

regions and are self aligned with respect to gate stack 97°. Materials for transistor 100 are

selected to function an n-channel enhancement mode FET. While not shown, field region 98 as

shown in Fig. 10 or shallow trench isolation (STI) may be used to provide isolation between

transistors 100" and 100°’.

With respect to transistors 100’ and 100", buried doped regions may be formed below the
gate electrode and channel to adjust the threshold voltage and to reduce any parasitic currents

from the adjacent device as well as from the body of the above the buried doped region.

It should be noted that in the drawing like elements or components are referred to by like

and corresponding reference numerals.
While there has been described and illustrated Ge/SiGe/Si layered structures having a

strained Ge channel under compression suitable for HEMT's, MOD FET’S, CMOS FET’S and

CMOD FET’s, it will be apparent to those skilled in the art that modifications and variations-are
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a sixth layer of Ge formed epitaxially on said fifth layer whereby said sixth layer
is under compressive strain and has a thickness less than its critical thickness with respect
to the upper surface of said first layer, and

a seventh layer of Si,.,Ge, formed epitaxially on said sixth layer, wherein a strain
relief structure of said first layer of relaxed Si;Ge, includes first and second over-shoot

layers, Si;.,Ge, and Si;.,Ge,, for the case when x is greater than 0.5.

2. The layered structure of claim 1 wherein said first over-shoot layer, Si;.,Gey,
within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from about 0.05 to less than about 0.5.

3. The layered structure of claim 1 wherein said second over-shoot layer, Si;.,Ge,,
within the strain relief structure of said first layer has a Ge fraction »n, where » = x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

4, The layered structure of claim 1 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said sixth layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

5. The layered structure of claim 1 wherein said sixth layer is formed at

temperatures where 3D growth of Ge films does not occur to generate interface roughness
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does occur.

6. The layered structure of claim 1 wherein a spacer region comprises a three layer
structure of said third layer of relaxed Si;,Ge,, said fourth layer of relaxed Si;,Ge,, and

said fifth layer of relaxed Si,.,Ge,.

7. The layered structure of claim 6 wherein the Ge content of said third layer of
Si;.,Gey is in the range from 0.5 to 0.8 with a preferred content of a, where a = x-0.20 and
wherein said third layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

8. The layered structure of claim 6 wherein the Ge content of said fourth layer of
Si;.,Ge, is in the range from 0.5 to 0.8 with a preferred content of b, where b = x-0.25 and
wherein said fourth layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

9. The layered structure of claim 6 wherein the Ge content of said fifth layer of
Si,..Ge, is in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = x-0.10 and
wherein said fifth layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

10. The layered structure of claim 1 wherein said second layer is a p-doped Si,..Ge;
layer formed below a channel region of said sixth layer and separated therefrom by said
third layer of Si;,Ge,, said fourth layer of Si;,Ge, and said fifth layer of Si,.,Ge,, said
second layer is to having a thickness in the range from 1 to 20 nm with a preferred
thickness from 4 to 5 nm and said second layer having an electrically active donor dose in

the range from 1 to 4x10"%¢m™,

11. The layered structure of claim 1 wherein the Ge content x may be graded within
said seventh layer starting with a higher Ge content nearer said sixth layer and grading
down in Ge content towards the upper surface of said seventh layer with a preferred value
x of 0.30.

12. A layered structure for forming p-channel field effect transistors comprising:
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a single crystalline substrate,

a first layer of relaxed Si,.,Ge, formed epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,

a second layer of doped Si;.,Ge, formed epitaxially on said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,

a fourth layer of undoped Si,,Ge, formed epitaxially on said third layer,

a fifth layer of Ge formed epitaxially on said fourth layer whereby said fifth layer
is under compressive strain and has a thickness less than its critical thickness with respect
to said first layer, and

a sixth layer of Si;.,Ge, formed epitaxially on said fifth layer, wherein a strain
relief structure of said first layer of relaxed Si;.Ge, includes two over-shoot layers,
Si;.mGen and Si;.,Ge,, for the case when x is greater than 0.5 or having a preferred value
of 0.65.

13. The layered structure of claim 12 wherein said first over-shoot layer, Si;_,,Ge,,
within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from 0.05 to less than 0.5.

14. The layered structure of claim 12 wherein said second over-shoot layer, Si;,Ge,,
within the strain relief structure of said first layer has a Ge fraction »n, where n = x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

15. The layered structure of claim 12 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said fifth layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

16. The layered structure of claim 12 wherein said fifth layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° — 350° C where 2D growth of Ge films

does occur.
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Si;.,Ge, is in the range from 0.5 to 0.8 with a preferred content of a, where a = x-0.20 and
wherein said third layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

19. The layered structure of claim 12 wherein the Ge content of said fourth layer of
Si;.xGe, is in the range from 0.5 to 0.8 with a preferred content of b, where b = x-0. 25
and wherein said fourth layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

20. The layered structure of claim 17 wherein said spacer region comprising a two
layer structure may be substituted with a single layer structure comprised of a relaxed
Si; «Ge, layer with an adjustable thickness to allow the spacer thickness to be varied
accordingly whereby the supply dose may be optimized for device applications as a

function of temperature in the range from 0.4 to 425 K.

21. The layered structure of claim 12 wherein said second layer is a p-doped Si;.,Ge,
layer formed below a channel region of said fifth layer and separated therefrom by said
third layer of Si;,Ge,, and said fourth layer of Si,,Ge,, said second layer having a
thickness in the range from 1 to 20 nm with a preferred thickness from 4 to 5 nm and said

second layer having an electrically active donor dose in the range from 1 to 4x10"% cm™.

22. The layered structure of claim 20 wherein the supply layer of said second layer is
formed and separated below the channel region of said fifth layer by said relaxed Si;.Ge,

layer.

23. The layered structure of claim 12 wherein the Ge content x may be graded within
said sixth layer starting with a higher Ge content nearer said fifth layer and grading down

in Ge content towards the upper surface of said sixth layer with a preferred value of 0.30.

24. A layered structure for forming p-channel field effect transistors comprising:

a single crystalline substrate,
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a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,
a fourth layer of undoped Si,.,Ge, formed epitaxially on said third layer,
a fifth layer of undoped Si, ,Ge, formed epitaxially on said fourth layer, and
a sixth layer of p-doped Si,.,Ge, formed epitaxially on said fifth layer , wherein a
strain relief structure of said first layer of relaxed Si,,Ge, includes first and second over-
shoot layers, Si;..Ge, and Si;.,Ge,, for the case when x is greater than 0.5 or having a

preferred value of 0.65.

25. The layered structure of claim 24 wherein the first over-shoot layer, Si;.,Gen,
within a strain relief structure of said first layer has a Ge fraction m, where m is the range
from 0.05 to less than 0.5.

26. The layered structure of claim 24 wherein said second over-shoot layer, Si;..Ge,,
within the strain relief structure of said first layer has a Ge fraction n, where n =x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

27. The layered structure of claim 24 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said second layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compare to a single SiGe layer channel device

alone.

28. The layered structure of claim 24 wherein said second layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° -350° C where 2D growth of Ge films

does occur.
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said fifth layer of relaxed Si,,Ge,.

30. The layered structure of claim 24 wherein the Ge content of said third layer of
Si;.,Ge,, is in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = x - 0.10
and wherein said third layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

31. The layered structure of claim 24 wherein the Ge content of said fourth layer of
Si;.xGe, is the range from 0.5 to 0.8 with a preferred content of b, where b = x - 0.25 and
wherein said fourth layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

32. The layered structure of claim 24 wherein the Ge content of said fifth layer of
Si;.»Ge, is in the range from 0.5 to 0.8 with a preferred content of a, where a = x - 0.20
and wherein said fifth layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

33. The layered structure of claim 24 wherein said sixth layer is a p-doped Si;.,Ge,
layer formed above a channel region of said second layer and separated therefrom by said
third layer of Si;,Ge,, said fourth layer of Si,.,Ge, and said fifth layer of Si;..Ge,, said
sixth layer having a thickness in the range from 1 to 20 nm with a preferred thickness
from 4 to 5 nm and said sixth layer having an electrically active donor dose in the range

from 1 to 4x10'% cm™.

34. A layered structure for forming p-channel field effect transistors comprising:

a single crystalline substrate,

a first layer of relaxed Si,.,Ge, formed epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

a second layer of Ge formed epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,

a fourth layer of undoped Si,.,Ge, formed epitaxially on said third layer, and
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36. The layered structure of claim 34 wherein said second over-shoot layer, Si;_,Gej,
within the strain relief structure of said first layer has a Ge fraction n, where n = x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

37. The layered structure of claim 34 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said second layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

38. The layered structure of claim 34 wherein said second layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° — 350° C where 2D growth of Ge films

does occur.

39. The layered structure of claim 34 wherein a spacer region comprises a two layer

structure of said third layer of relaxed Si,.Ge, and said fourth layer of relaxed Si;..Ge,.

40. The layered structure of claim 34 wherein the Ge content of said third layer of
Si;.,Ge, is in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = - 0.10 and
wherein said third layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

41. The layered structure of claim 34 wherein the Ge content of said fourth layer of

Si;.xGe, is in the range from 0.5 to 0.8 with a preferred content of b, where & = x - 0.25
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thickness with respect to said first layer at its interface with said second layer.

42, The layered structure of claim 34 wherein said fifth layer is a p-doped Si;..Ge,
layer formed above a channel region of said second layer and separated therefrom by said
third layer of Si;.,Ge, and said fourth layer of Si;.,Ge,, said fifth layer having a thickness
in the range from 1 to 20 nm with a preferred thickness from 4 to 5 nm and said sixth

layer having an electrically active donor dose in the range from 1 to 4x10" cm™.

43. The layered structure of claim 39 wherein said spacer region comprising a two
layer structure may be substituted with a single layer structure comprise of a relaxed
Si;..Ge, layer with an adjustable thickness to allow the spacer thickness to be varied
accordingly whereby the supply dose may be optimized for device applications as a

function of temperature in the range from 0.4 to 425 K.

44, The layered structure of claim 43 wherein the supply layer of said fifth layer is
formed and separated above the channel region of said second layer by said relaxed

Si;..Ge, layer.

45, The layered structure of claim 39 wherein said fourth layer of Si;.Ge, may be
substituted with a thin strained commensurate Si layer whereby a thin spacer thickness

may be provided for room temperature MODFET device operation.

46. The layered structure of claim 45 wherein said fourth layer of Si is under tensile
strain and is commensurate having a thickness below its critical thickness with respect to

said first layer at its interface with said second layer.

47. The layered structure of claim 45 wherein the supply layer of said fifth layer is
formed and separated above the channel region of said second layer by said third layer of

relaxed Si;.,Ge, and said fourth layer of tensilely strained Si.

48, A layered structure for forming p-channel field effect transistors comprising:
a single crystalline substrate,
a first layer of relaxed Si;,Ge, formed epitaxially on said substrate where Ge

fraction x is in the range from 0.5 to 0.8,
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a fifth layer of Ge formed ep1tax1a11y on said fourth layer whereby said fifth layer

is under compressive strain and has a thickness less than its critical thickness with respect
to said first layer, and

a sixth layer of undoped Si,.,Ge, formed epitaxially on said fifth layer,

a seventh layer of undoped Si,_,Ge, formed epitaxially on said sixth layer, and

an eighth layer of doped Si,,Ge, formed epitaxially on said seventh layer,
wherein a strain relief structure of said first layer of relaxed Si;.,Ge, includes first and

second over-shoot layers, Si,.,Ge,, and Si,.,Ge,, for the case when x is greater than 0.5.

49. The layered structure of claim 48 wherein said first over-shoot layer, Si;.,,Ge,,
within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from 0.05 to less than 0.5.

50, The layered structure of claim 48 wherein said second over-shoot layer, Si;.,Gey,
within the strain relief structure of said first layer has a Ge fraction n, where n = x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

51. The layered structure of claim 48 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said fifth layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

52. The layered structure of claim 48 wherein said fifth layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° —-350° C where 2D growth of Ge films

does occur.

53. The layered structure of claim 48 further including first and second spacer
regions whereby said first spacer region is below the Ge channel region comprising a two

layer structure of said third layer of relaxed Si;,Ge, and said fourth layer of relaxed
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seventh layer of relaxed Si;,Ge,.

54. The layered structure of claim 53 wherein the Ge content of said third layer of
Si;.,Ge, is in the range from 0.5 to 0.8 with a preferred content of a, where a = x - 0.20
and wherein said third layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

55. The layered structure of claim 53 wherein the Ge content of said fourth layer of
Si;.Ge, is in the range from 0.5 to 0.8 with a preferred content of b, where b = x - 0.25
and wherein said fourth layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

56. The layered structure of claim 53 wherein the Ge content of said sixth layer of
Si;.Ge, is in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = x - 0.10
and wherein said sixth 1ayef is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

57. The layered structure of claim 53 wherein the Ge content of said seventh layer of
Si;,Ge, is in the range from 0.5 to 0.8 with a preferred content of b, where & = x - 0.25
and wherein said seventh layer is commensurate having a thickness below its critical

thickness with respect to said first layer at its interface with said second layer.

58. The layered structure of claim 53 wherein said spacer region comprising a two
layer structure may be substituted with a single layer structure comprised of a relaxed
Si;.xGe, layer with an adjustable thickness to allow the spacer thickness to be varied
accordingly whereby the supply dose may be optimized for device applications as a

function of temperature in the range from 0.4 to 425 K.

59. The layered structure of claim 48 further including first and second supply layers
whereby said first supply layer is below the Ge channel region separated by a bottom
spacer region comprising a two layer structure of said third layer of relaxed Si;.,Ge, and
said fourth layer of relaxed Si;.,Ge,, and said second supply is above the active Ge

channel of said fifth layer further separated by a top spacer region comprising a similar
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two layer structure of said sixth layer of relaxed Si;.,Ge, and said seventh layer of relaxed
Sl 1_xGex.

60. The layered structure of claim 48 wherein said second layer is a p-doped Si;.,Ge,
layer formed below a channel region of said fifth layer and separated therefrom by said
third layer of Si;..Ge,, and said fourth layer of Si, Ge,, said second layer having a
thickness in the range from 1 to 20 nm with a preferred thickness from 4 to 5 nm and

having an electrically active donor dose in the range from 1 to 4x10"em™.

61. The layered structure of claim 48 wherein said eight layer is a p-doped Si;..Ge,
layer formed above a channel region of said fifth layer and separated therefrom by said
sixth layer of Si;,Ge,, and said seventh layer of Si,,Ge,, said eight layer is to having a
thickness in the range from 1 to 20 nm with a preferred thickness from 4 to 5 nm and

having an electrically active donor dose in the range from 1 to 4x10"2cm™.

62. The layered structure of claim 48 wherein the supply layer of said second layer is

formed and separated below the channel region of said fifth layer by a relaxed Si;Ge,

layer.

63. The layered structure of claim 48 wherein the supply layer of said eight layer is
formed and separated above the channel region of said fifth layer by a relaxed Si;..Ge,
layer.

64. A layered structure for forming p-channel field effect transistors comprising:

a single crystalline substrate,

a first layer of relaxed Si;.Ge, formed epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,

a second layer of doped Si,.,Ge, formed epitaxially on said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,

a fourth layer of undoped Si;,Ge, formed epitaxially on said third layer,

a fifth layer of undoped Si,.,Ge, formed epitaxially on said fourth layer,

a sixth layer of Ge formed epitaxially on said fifth layer whereby said sixth layer
is under compressive strain and has a thickness less than its critical thickness with respect
to said first layer, and

a seventh layer of undoped Si;.,Ge, formed epitaxially on said sixth layer,
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strain relief structure of said first layer of relaxed Si;..Ge, includes first and second over-
shoot layers, Si;.,Ge, and Si,,Ge,, for the case when x is greater than 0.5 or having a

preferred value of 0.65.

65. The layered structure of claim 64 wherein said first over-shoot layer, Si;.,Gen,
within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from 0.05 to less than 0.5.

66. The layered structure of claim 64 wherein said second over-shoot layer, Si;.,Ge,,
within the strain relief structure of said first layer has a Ge fraction n, where n =x + z and
z is in the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

67. The layered structure of claim 64 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said sixth layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

68. The layered structure of claim 64 wherein said sixth layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° — 350° C where 2D growth of Ge films

does occur.

69. The layered structure of claim 64 further including first and second spacer
regions whereby said first spacer region is below the Ge channel region comprising a
three layer structure of said third layer of relaxed Si;.,Ge,, said fourth layer of relaxed
Si,..Ge, and said fifth layer of relaxed Si,,Ge,, and the second spacer region is above the
active Ge channel of said sixth layer comprising a dissimilar two layer structure of said

seventh layer of relaxed Si;,Ge, and said eighth layer of relaxed Si, Ge,.

70. The layered structure of claim 64 wherein the Ge content of said third layer of

Si;Ge, is in the range from 0.5 to 0.8 with a preferred content of a, where a = x - 0.20
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thickness with respect to said first layer as its surface with said second layer.

71. The layered structure of claim 64 wherein the Ge content of said fourth layer of
Si;.,Ge, is the range from 0.5 to 0.8 with a preferred content of b, where b = x — 0.25 and
wherein said fourth layer is commensurate having a thickness below its critical thickness

with respect to said first layer as its interface with said second layer.

72. The layered structure of claim 64 wherein the Ge content of said fifth layer of
Si,.,Ge, is in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = x — 0.10
and wherein said fifth layer is commensurate having a thickness below its critical

thickness with respect to said first layer as its interface with said second layer.

73. The layered structure of claim 64 wherein the Ge content of said seventh layer of
Si;,Gey 1s in the range from 0.5 to 0.8 with a preferred content of ¢, where ¢ = x — 0.10
and wherein said seventh layer is commensurate having a thickness below its critical

thickness with respect to said first layer as its interface with said second layer.

74. The layered structure of claim 64 wherein the Ge content of said eighth layer of
Si;xGe, is the range from 0.5 to 0.8 with a preferred content of 4, where b = x - 0.25 and
wherein said eighth layer is commensurate having a thickness below its critical thickness

with respect to said first layer at its interface with said second layer.

75. The layered structure of claim 69 wherein said bottom spacer region comprising
a three layer structure may be substituted with a single layer structure comprise of a
relaxed Si,..Ge, layer with an adjustable thickness to allow the spacer thickness to be
varied accordingly whereby the supply dose may be optimized for device applications as

a function of temperature in the range from 0.4 to 425 K.

76. The layered structure of claim 69 wherein said top spacer region comprising a
two layer structure may be substituted with a single layer structure comprise of a relaxed
Si;.xGe, layer with an adjustable thickness to allow the spacer thickness to be varied
accordingly whereby the supply dose may be optimized for device applications as a

function of temperature in the range from 0.4 to 425 K.
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layer with an adjustable thickness to allow the spacer thickness to be varied accordingly
whereby the supply dose may be optimized for device applications as a function of

temperature in the range from 0.4 to 425 K.

78. The layered structure of claim 64 further including first and second supply layers
whereby said first supply layer is below the Ge channel region separated by a bottom
spacer region comprising a three layer structure of said third layer of relaxed Si;.,Ge,,
said fourth layer of relaxed Si;.,Ge, and said fifth layer of relaxed Si;,Ge,, and said
second supply is above the active Ge channel of said sixth layer further separated by a top
spacer region comprising a dissimilar two layer structure of said seventh layer of relaxed

Si,..Ge, and said eighth layer of relaxed Si1,.,Ge,.

79. The layered structure of claim 64 wherein said second layer is a p-doped Si;.,Ge,
layer formed below a channel region of said sixth layer and separated therefrom by said
third layer of relaxed Si;.,Ge,, said fourth layer of relaxed Si,,Ge, and said fifth layer of
relaxed Si,.,Ge,, said second layer having a thickness in the range from 1 to 20 nm with a
preferred thickness from 4 to 5 nm and having an electrically active donor dose in the

range from 1 to 4x10'? cm™.

80. The layered structure of claim 64 wherein said ninth layer is a p-doped Si,.,Ge,
layer formed above a channel region of said sixth layer and separated therefrom by said
seventh layer of Si;.,Ge,, and said eighth layer of Si;Ge,, said ninth layer is to having a
thickness in the range from 1 to 20 nm with a preferred thickness from 4 to 5 nm and

having an electrically active donor dose in the range from 1 to 4x10'? cm™.

81. The layered structure of claim 64 wherein the supply layer of said second layer is
formed and separated below the channel region of said fifth layer by a relaxed Si;.Ge,

layer.

82. The layered structure of claim 64 wherein the supply layer of said eight layer is
formed and separated above the channel region of said fifth layer by a relaxed Si;,Ge,

layer.
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a first layer of relaxed Si,;,Ge, formed epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

a second layer of Ge formed epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer, and

a fourth layer of gate dielectric formed on said third layer, wherein a strain relief
structure of said first layer of relaxed Si;.,Ge, includes first and second over-shoot layers,

Si;..Ge,, and Si;.,Ge,, for the case when x is greater than 0.5.

84. The layered structure of claim 83 wherein said first over-shoot layer, Si;.,Gey,
within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from 0.05 to less than 0.5.

85. The layered structure of claim 83 wherein said second over-shoot layer, Si;_,Ge,,
within the strain relief structure of said first layer has a Ge fraction n, where n = x + z and
z is in the range from 0 O1 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

86. The layered structure of claim 83 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said second layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compare to a single SiGe layer channel device

alone.

87. The layered structure of claim 83 wherein the Ge content of said third layer of
Si;,Ge, is in the range from 0.5 to 0.8 with a preferred content of 0.30 and wherein said
third layer is commensurate having a thickness below its critical thickness with respect to
said first layer at its interface with said second layer with a thickness equal to or less than

] nm.
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is a dielectric material selected from the group consisting of silicon dioxide, silicon
oxynitride, silicon nitride, tantalum oxide, barium strontium titanate, aluminum oxide and

combinations thereof,

90. The layered structure of claim 83 wherein said third layer of Si;.,Ge, may be
substituted with a thin strained commensurate Si layer suitable for high temperature
oxidation in formation of a high quality silicon dioxide layer in said fourth layer of gate

dielectric.

91. The layered structure of claim 90 wherein said third layer of Si is under tensile
strain and is commensurate having a thickness below its critical thickness with respect to

said first layer at its interface with said second layer.

92. A layered structure for forming a Ge channel field effect transistor comprising:

a single crystalline substrate,

a first layer of relaxed Si;.,Ge, formed epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

a second layer of Ge formed epitaxialy on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

a third layer of undoped Si,.,Ge, formed epitaxially on said second layer,

a fourth layer of undoped Si formed epitaxially on said third layer, and

a fifth layer of gate dielectric formed on said fourth layer.

93. The layered structure of claim 92 further including first and second over-shoot
layers, Si;.,Ge, and Si;.,Ge,, within a strain relief structure of said first layer of relaxed

Si;.,Ge, for the case when x is greater than 0.5.



10B 10B 10ByL<109B& ()-:-109B& ()-99 "109B& ()-Bl dELC 10/ "109B& ()-Y
"109B& ()- Y "10%& ()- "109B& ()- !'109B& ()-f109B& ()-qvndEbC 10/ @
"109B& ()- @ "109B& ()-, "109B& ()-g

"109B& () -"109B& ()-109B& ()-ny~./01DbC_4Q/\! 10% U&' () - ]10?) NQY)ZUQ%OB 10B
108/ "109B& ()-~ 1 "109B& ()-" (,.109B& ()->@EbC 10/! 10% )= 0%

U& ()-z10% U&' ()- "10% U& ()- "10% U& ()-10% U&' ()- @GEJEbBC 10/ S& 10%

ug ()- @ 94. The layered structure of claim 92 wherein said first over-shoot layer, Si;.,,Gep,

within said strain relief structure of said first layer has a Ge fraction m, where m is the

range from 0.05 to less than 0.5.

9s. The layered structure of claim 92 wherein said second over-shoot layer, Si; ,Ge,,
within the strain relief structure of said first layer has a Ge fraction #n, where n = x + z and
z is In the range from 0.01 to 0.1, and having a thickness less than its critical thickness

with respect to said first layer.

96. The layered structure of claim 92 wherein the active device region is a buried
channel made up of an epitaxial Ge channel of said second layer having a higher
compressive strain to provide a deeper quantum well or a higher barrier for better hole
confinement with no alloy scattering as compared to a single SiGe layer channel device

alone.

97. The layered structure of claim 92 wherein said second layer is formed at
temperatures where 3D growth of Ge films does not occur to generate interface roughness
problems and at a temperature range from 275° —350° C where 2D growth of Ge films

does occur.

98. The layered structure of claim 92 wherein the Ge content of said third layer of
Si;»Gey is in the range from 0.5 to 0.8 with a preferred content of 0.30 and wherein said
third layer is commensurate having a thickness below its critical thickness with respect to
said first layer at its interface with said second layer with a thickness equal to or less than

] nm.

99. The layered structure of claim 92 wherein the Ge content x may be graded within
said third layer starting with a higher Ge content nearer said second layer and grading

down in Ge content towards the upper surface of said third layer to a value of about 0.30.

100. The layered structure of claim 92 wherein the gate dielectric of said fourth layer
is a dielectric material selected from the group consisting of silicon dioxide, silicon
oxynitride, silicon nitride, tantalum oxide, barium strontium titanate, aluminum oxide and

combinations thereof.
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substituted with a thin strained commensurate Si layer suitable for high temperature
oxidation in formation of a high quality silicon dioxide layer in said fourth layer of gate

dielectric.

102. The layered structure of claim 92 wherein said fourth layer of Si is under tensile
strain and is commensurate having a thickness below its critical thickness with respect to

said first layer at its interface with said second layer.

103. A layered structure for forming a field effect transistor comprising:

a single crystalline substrate,

a first layer of relaxed Si;.,Ge, formed epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

a second layer of Ge formed epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

a third layer of undoped Si,Ge, formed epitaxially on said second layer,

a first Schottky gate electrode formed on said third layer,

a first source region of a first type formed and located on one side of said first
gate electrode,

a first drain region of a first type formed and located on the other side of said
first gate electrode whereby a first field-effect transistor structure is formed of a first type,

electrical isolation regions created by the selective removal of at least said third
layer through said second layer,

a second Schottky gate electrode formed on said third layer positioned with
respect to said electrical isolation regions to be electrically isolated from said first field-
effect transistor structure,

a second source region of a second type formed and located on one side of said
second gate electrode, and

a second drain region of a second type formed and located on the other side of
said second gate electrode whereby a second field-effect transistor structure is formed of a

second type.

104. The layered structure of claim 1 further including,




"109B& () -yl09B& ()-f&@0YB& ()-);] XdEbC 10/, "109B& ()-S + "10%B& ()-
"109B& ()-2$g109B& ()-f# "109B& ()-@ "109B& ()-yd& ()6_@10/ "10% & ()-!L&
1098/ 3/ & ()-m 10B 10B 10B, 6 "109B& ()-S, 4 "109B& ()-, Y1 "1098B& ()-=G  dE_@

10/ "10% & ()-L "10% & ()-z-10% & ()- "I & ()-1 " 10?@"%%@9?

110% & ()- IWE_ @10/ ff&LO% & ()-f$ 10% & () - S#! 10% &
"10%4 & ()-z10% & ()-E[dE @ 10/ y/10% & ()-y .10% & ()-, gl0% & (
"10% & ()-f) 109 &eleytricd] Bodagion regioas tedated b@%lw&e(eya‘kel(ﬁ&mwl(éf atllbhstlﬁhﬁd
10/ 710% & () -1 4 "llo%ﬁ ’("é %(Y 0%§L (}) 7<AdEbC 10/ "10% U& ()-S "10%
W& ()-29 . (Yt pyeryhronghy sadigecond avgn 0, Ug ()~ " 10% Ug () - ASDAE: /
a Schottky gate electrode formed on said seventh layer,

a source electrode formed and located on one side of said gate electrode, and
a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

105.  The layered structure of claim 12 further including,

electrical isolation regions created by the selective removal of at least said sixth
layer through said second layer,

a Schottky gate electrode formed on said sixth layer,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

106. The layered structure of claim 24 further including,

electrical isolation regions created by the selective removal of at least said sixth
layer through said second layer,

a Schottky gate electrode formed on said sixth layer,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

107. The layered structure of claim 34 further including,

electrical isolation regions created by the selective removal of at least said fifth
layer through said second layer,

a Schottky gate electrode formed on said fifth layer,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

108. The layered structure of claim 48 further including,
electrical isolation regions created by the selective removal of at least said
seventh layer through said second layer,

a Schottky gate electrode formed on said seventh layer,
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a drain electrode” formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

109.  The layered structure of claim 64 further including,

electrical isolation regions created by the selective removal of at least said eighth
layer through said second layer,

a Schottky gate electrode formed on said eighth layer,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

110. The layered structure of claim 1 further including,

electrical isolation regions created by the selective removal of at least said
seventh layer through said second layer,

a gate dielectric formed on said seventh layer,

a gate electrode formed on said gate dielectric,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

111. The layered structure of claim 12 further including,

electrical isolation regions created by the selective removal of at least said sixth
layer through said second layer,

a gate dielectric formed on said sixth layer,

a gate electrode formed on said gate dielectric,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

112. The layered structure of claim 24 further including,

electrical isolation regions created by the selective removal of at least said sixth
layer through said second layer,

a gate dielectric formed on said sixth layer,

a gate electrode formed on said gate dielectric,
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a source electrode formed and located on one side of said gate electrode, and
a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

113.  The layered structure of claim 34 further including,

electrical isolation regions created by the selective removal of at least said fifth
layer through said second layer,

a gate dielectric formed on said fifth layer,

a gate electrode formed on said gate dielectric,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

114. The layered structure of claim 48 further including,

electrical isolation regions created by the selective removal of at least said
seventh layer through said second layer,

a gate dielectric formed on said seventh layer,

a gate electrode formed on said gate dielectric,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

115. The layered structure of claim 64 further including,

electrical isolation regions created by the selective removal of at least said eighth
layer through said second layer,

a gate dielectric formed on said eighth layer,

a gate electrode formed on said gate dielectric,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

116. The layered structure of claim 83 further including,
electrical isolation regions created by the selective removal of at least said fourth
layer through said second layer,

a gate electrode formed on said gate dielectric of said fourth layer,
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a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

117.  The layered structure of claim 92 further including,

electrical isolation regions created by the selective removal of at least said fifth
layer through said second layer,

a gate electrode formed on said gate dielectric of said fifth layer,

a source electrode formed and located on one side of said gate electrode, and

a drain electrode formed and located on the other side of said gate electrode

whereby a field-effect transistor structure is formed.

118. A method for forming p-channel field effect transistors comprising the steps of:

selecting a single crystalline substrate,

forming a first layer of relaxed Si;.,Ge, epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,

forming a second layer of doped Si,Ge, epitaxially on said first layer,

forming a third layer of undoped Si, ,Ge, epitaxially on said second layer,

forming a fourth layer of undoped Si,..Ge, epitaxially on said third layer,

forming a fifth layer of undoped Si,Ge, epitaxially on said fourth layer,

forming a sixth layer of Ge epitaxially on said fifth layer whereby said sixth
layer is under compressive strain and has a thickness less than its critical thickness with
respect to the upper surface of said first layer,

forming a seventh layer of Si,.,Ge, epitaxially on said sixth layer, and

forming first and second over-shoot layers, Si;.,,Ge,, and Si;.,Ge,, within a strain
relief structure of said first layer of relaxed Si;.,Ge, for the case when x is greater than
0.5.

119, The method of claim 118 wherein said step of forming said first over-shoot
layer, Si;.,Gey,, within said strain relief structure of said first layer includes forming a Ge

fraction m, where m is the range from about 0.05 to less than about 0.5.

120. The method of claim 118 wherein said step of forming said second over-shoot

layer, St;.,Ge,, within the strain relief structure of said first layer includes forming a Ge
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less than its critical thickness with respect to said first layer.

121. A method for forming p-channel field effect transistors comprising the steps of:
selecting a single crystalline substrate,
forming a first layer of relaxed Si;.,Ge, epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,
forming a second layer of doped Si,.,Ge, epitaxially on said first layer,
forming a third layer of undoped Si;..Ge, epitaxially on said second layer,
forming a fourth layer of undoped Si;.4Ge, epitaxially on said third layer,
forming a fifth layer of Ge epitaxially on said fourth layer whereby said fifth
layer is under compressive strain and has a thickness less than its critical thickness with
respect to said first layer, and

forming a sixth layer of Si;,Ge, epitaxially on said fifth layer.

122. A method for forming p-channel field effect transistors comprising the steps of:
selecting a single crystalline substrate,
forming a first layer of relaxed Si;.,Ge, epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,
forming a second layer of Ge epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,
forming a third layer of undoped Si,.,Ge, epitaxially on said second layer,
forming a fourth layer of undoped Si,.,Ge, epitaxially on said third layer,
forming a fifth layer of undoped Si;.,Ge; epitaxially on said fourth layer,
forming a sixth layer of p-doped Si;.,Ge, epitaxially on said fifth layer, and
forming first and second over-shoot layers, Si;.,Ge,, and Si;.,Ge,, within a strain

relief structure of said first layer of relaxed Si,Ge;,.

123, A method for forming p-channel field effect transistors comprising the steps of:
selecting a single crystalline substrate,
forming a first layer of relaxed Si;,Ge, epitaxially on said substrate where Ge

fraction x is the range from 0.5 to 0.8,
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with respect to said first layer,
forming a third layer of undoped Si;.,Ge, epitaxially on said second layer,
forming a fourth layer of undoped Si,;Ge, epitaxially on said third layer,
forming a fifth layer of p-doped Si;.,Ge, epitaxially on said fourth layer, and
forming first and second over-shoot layers, Si;.,,Ge, and Si,_,Ge,, within a strain

relief structure of said first layer of relaxed Si;.,Ge,.

124. A method for forcing p-channel field effect transistors comprising the steps of:
selecting a single crystalline substrate,
forming a first layer of relaxed Si,,Ge, epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,
forming a second layer of doped Si;.,Ge, epitaxially on said first layer,
forming a third layer of undoped Si,.,Ge, epitaxially on said second layer,
forming a fourth layer of undoped Si; ,Ge, epitaxially on said third layer,
forming a fifth layer of Ge epitaxially on said fourth layer whereby said fifth
layer is under compressive strain and has a thickness less than its critical thickness with
respect to said first layer,
forming a sixth layer of undoped Si,.,Ge; epitaxially on said fifth layer,
forming a seventh layer of undoped Si,.,Ge, epitaxially on said sixth layer,
forming an eighth layer of doped Si,;.,Ge, epitaxially on said seventh layer, and
forming first and second over-shoot layers, Si,.,Ge,, and Si;,Ge,, within a strain

relief structure of said first layer of relaxed Si;.,Ge,.

125. A method for forcing p-channel field effect transistors comprising the steps of:
selecting a single crystalline substrate,
forming a first layer of relaxed Si;,Ge, epitaxially on said substrate where Ge
fraction x is in the range from 0.5 to 0.8,
forming a second layer of doped Si,Ge, epitaxially on said first layer,
forming a third layer of undoped Si;.,Ge, epitaxially on said second layer,
forcing a fourth layer of undoped Si;.,Ge, epitaxially on said third layer,
forming a fifth layer of undoped Si,.,Ge, epitaxially on said fourth layer,
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respect to said first layer,
forming a seventh layer of undoped Si,.,Ge, epitaxially on said sixth layer,
forming a eighth layer of undoped Si;.,Ge, epitaxially on said seventh layer,
forming a ninth layer of doped Si,..Ge, epitaxially on said eighth layer, and
forming first and second over-shoot layers, Si;.,Ge,, and Si;,Ge,, within a strain

relief structure of said first layer of relaxed Si;.,Ge,.

126. A method for forming a Ge channel field effect transistor comprising the steps
of:

selecting a single crystalline substrate,

forming a first layer of relaxed Si;.,Ge, epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

forming a second layer of Ge epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

forming a third layer of undoped Si,.,Ge, epitaxially on said second layer, and

forming a fourth layer of gate dielectric on said third layer, and

forming first and second over-shoot layers, Si,.,Ge,, and Si, ,Ge,, within a strain

relief structure of said first layer of relaxed Si;.,Ge;.

127. A method for forming a Ge channel field effect transistor comprising the steps
of:

selecting a single crystalline substrate,

forming a first layer of relaxed Si,;..Ge, epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

forming a second layer of Ge epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

forming a third layer of undoped Si,.,Ge, epitaxially on said second layer,

forming a fourth layer of undoped Si epitaxially on said third layer,

forming a fifth layer of gate dielectric on said fourth layer, and

forming first and second over-shoot layers, Si;.»Ge,, and Si;.,Ge,, within a strain

relief structure of said first layer of relaxed Si;.,Ge,.
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128. A method for forming a field effect transistor comprising the steps of’

selecting a single crystalline substrate,

forming a first layer of relaxed Si;,Ge, epitaxially on said substrate where Ge
fraction x is the range from 0.5 to 0.8,

forming a second layer of Ge epitaxially on said first layer whereby said second
layer is under compressive strain and having a thickness less than its critical thickness
with respect to said first layer,

forming a third layer of undoped Si,..Ge, epitaxially on said second layer,

forming a first Schottky gate electrode on said third layer,

forming a first source region of a first type and located on one side of said first
gate electrode,

forming a first drain region of a first type and located on the other side of said
first gate electrode whereby a first field-effect transistor structure is formed of a first type

forming electrical isolation regions by the selective removal of at least said third
layer through said second layer,

forming a second Schottky gate electrode on said third layer positioned with
respect to said electrical isolation regions to be electrically isolated from said first field-
effect transistor structure,

forming a second source region of a second type and located on one side of said
second gate electrode, and

forming a second drain region of a second type and located on the other side of
said second gate electrode whereby a second field-effect transistor structure is formed of a

second type.

129, The method of claim 128 further including the steps of,

forming a first Schottky gate electrode on said seventh layer,

forming a first source electrode and located on one side of said first gate
electrode, and

forming a first drain electrode and located on the other side of said first gate

electrode whereby a first field-effect transistor structure is formed. -

130.  The method of claim 129 further including the steps of,
forming electrical isolation regions by the selective removal of at least said

seventh layer through said second layer,
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