ERROR MOSFETS COWPRI SI NG SOURCE/ DRAI N REA ONS W TH
SLANTED UPPER : HOD FOR FABRI CATI NG
THE SAME FIELD OF T [ 0001] The present
i nvention rel ates tqm‘mwmm MOr devi ces that can be
used in conplenentary netal -oxide-sem conduct or
(CMOS) circuits. Mire spé%'is?i cally, the present
invention relates to an inproved
MO SHE T COMBRISING iSOVLR GE/DIR ANIREGI@S S WITEhSLANGED UPPER
( MOSFESURHAGGHS) oA N0 MEEFHODAFOR FABRICATING THE BAMENt ed
upper surfaces, as well as nethods for formng the
MXSFET by._crystall ographic etching and epitaxi al
FEL%pcfv&TﬁEm%#I@gnductor structures at the source and
drai n regi ons. BACKGROUND COF THE | NVENTI ON [ 0002]
Mechani cal stresses within a sem conductor device
[0001 5 The preseng invemtéoniyelates i shaigonduetdr devicestivht bat e whedirce

comp BRGSO (LGP b SRR

inventinar8Rses @ asirhprowsd méthl-dxides seati g eoEfld effedt@raitiftot IM®SFET)

. 1s enhanced when the channel is under conpressive .
having squgcesand qiraim gegfqns it slaniad upRemsvafaehs: el axmetbpdsdor forming the
O B e o e e P the
sourcq andignaleregienssi | e stress in the filmdirection and/or

under conpressive stress in the direction normal of

the channel. Therefore, conpressive and/or tensile
BACKGROVMNIS OFaTHIDENVBNTEDNageousl y created in the channel

regions of a p-channel field effect transistor (p-FET)

and/ or an n-channel field effect transistor (n-FET) in
[OOOZFMé@Harﬁ(ﬁl QRRAR GRS sBESIuPBP 8&/i QY subtFde ha@%‘bh&?@idcly used to

. 1 0003] One possi bl e approach for creating a desirable

modulgiedsxise gerdorniapem Fongnampleria gpmmonSi teghnalegyi, therdbaenebdf a

. : r - 0 n .
wansisR Boffpul e SRR Pty of Neci U e ApshoBoPh e RIIRY i
enhan¢edevlenrthé chanhe i< rlenedmpressiverstessdathediledivveton arddéor under tensile
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silicon film is under tensile stress in the film direction and/or under compressive stress in the

direction normal of the channel. Therefore, compressive and/or tensile stresses can be
advantageously created in the channel regions of a p-channel field effect transistor (p-FET)
and/or an n-channel field effect transistor (n-FET) in order to enhance the performance of such

devices.

[0003] One possible approach for creating a desirable stressed silicon channel region is to form
embedded SiGe or Si:C stressors at the source and drain regions of a MOSFET to induce
compressive or tensile strain therein in the channel region located between the source and drain
regions. FIG. 1 shows a conventional MOSFET 102 with embedded SiGe stressors 114 and 116
at its source and drain regions 102S and 102D. Specifically, the source and drain regions 102S
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at its source and drain regions 102S and 102D.
Specifically, the source and drain regions 102S 1 and
102D are located in a sem conductor substrate 110,
whi ch has an upper surface 110A and contains one or
nore isolation regions 112 for isolating the MOSFET
102 from adj acent devices. A channel region 102C is
al so |l ocated in the sem conductor substrate 110 and
and 10243 apederataddn agamccedt@m subsiiate Il@gwhich ha@Sippatisut{agd] 104 and

contaigé‘ér?et (Zrt@%}é dsL 1 n?%é‘ﬁr’{s 1‘;1333 s&gtn%gatg ﬁ(ﬁ%’f goj X ﬁ%d}%%’t devices.

A chaaired repidr 1024 is alsd dowated is frGemicohductandbsta® 1 18raad herwees the
over, the channel, regigon 102C. Si Ge stressor structures
sourcoy 31 dyfjf Fagi@hsal08S mBl PUAD A Hobstack Shit SemBR dgatedielectric layer 122,

a gatercﬁﬁkl&ﬂ)? 129 %Sgﬁéqﬁet%pﬁfi)cﬁ@fazé’tp@%bﬂlﬂoﬁi%%rsﬁﬁ%ﬁ Spatkfs99§ and 128

t he channel region e Sl Ge stressor
are foanimuﬂveghmbregioatloaﬁp SiGassiressor sucturds\l Bhand1116 Are foahed in the

Ian ar with the up
sounc S R0 P 95 B0 0 A0 B 0l IS ORSE LASRet i
102C. AT Bi€ie sapmoanimfrwha@e élat u;rpgr surfdesi 1nalladgt eggm dre parallel to
| i con, channel is.to forma stress-inducing
and C@flaélﬁfew fhe ‘lPBE‘p‘%Wﬁfg @é‘rof éﬁ&qﬁma@ldgc'@wms'&tg. Wely or
tensilely stressed silicon nitride |ayer, over a

MOSFET to induce conpressive or tensile stress in
' [0004} Asobprappedach Eqgicerating s desizabilelsaressed silicorechannal cagiemid to form a

stress-grl[@:g;feﬁgréiﬁe?éc%?écagkﬁlgqge drI%lﬁéﬂn% co% r 1‘§/e (%lt%ngﬁ‘%lg essed silicon

nitﬂdeelayﬂrotys@d aMOSFED i indioe ceﬂipﬁa%ﬁeérﬁﬂﬁensxﬁ)suwllm gle]c]ﬂ.ﬂlelre@ion
1 rface orientatjon instead of the comonly used {
ocate] By 365 18 spHEE BLTRBIERORON, hol & mobi 11ty i n P FET
: shovvs dr amatic i nprovenent. [0006] In addition to the
enhancement, contact resistance reduction is

[00051a13§%deérs eSS ERBInpINE, dxﬁﬁﬁmvsmtqy@m kavaalse deemeraployed for
mobllf(?c ertBn fn @ uém 1 R %i SRR oERALE st)é\ﬁéf S dd& only used
rastica run en geonetry and uce channel
{100} 1Sé siurdca noentatttme hmhynQbﬂltyededEETcshDWa dtamane $mptoseroenti S
to increase contact area. However, increased contact
area is contradictory to the scaling requirenents of
[0006]11:@@1—:111@&130 the mlsbilit9 @Bhantbnem] @néact tebigtaticd redwctiog @hlédXdritical for

R/Y(%IL'E thods that can solve this problem
1mprovmg T pe ormance, and it is becoming more and more important with the

_drastlcally shrunken geometry and reduced channel resistance. One way to reduce contact
resistance is to increase contact area. However, increased contact area is contradictory to the
scaling requirements of high-density devices. Therefore, there is a need for innovative methods

that can solve this problem.
SUMMARY OF THE INVENTION

[0007] The inventors of the present invention have discovered that when recessing the source

and drain regions before epitaxially growing SiGe or Si:C or other materials to refill the recessed



SUMVARY OF THE | NVENTI ON [ 0007] The inventors of the
present invention have di scovered that when recessing
the source and drain regions before epitaxially
growing SiGe or Si:C or other materials to refill the
recessed 2 source/drain regions for a MOSFET on S
substrate or anot her sem conductor material whose
per surface is oriented at a certain crystal
sourc riarregions for aMOIEEF Py Si akbsoriedorranothss semisbidustar amaterial whose

o S Bk LSRG e ARDES Spp ARG o o

result m feﬁlﬂbda gowate/draidi fepivhe Whosy e burfices; ok pbitivns bf eudhtupPer surfaces,
I |entat|on of the sem conductor substrate,

are orffeq ettt al risat R O ther o gfengakiop 0§ e, semiconductor
substritk aﬂhi%ﬁ’ Th PRI m ST RL G5per \Wi§ates Bk aﬂirﬁgl}p Slaitgd a?@é ! s)(lrfaces When

sl'anted upper surfaces are forned after epi t growt h
slantedy it pastially ﬁlan@dn]lmr;tsutfgcqm un fonmed\afiel popitaxy growth and used in

conjur&k 8J1 %ghrthg ogér{agﬁ'@ot{lelgaﬁg 's@ sJ)ra %/ §B’Inigle§% et?l e eng% gécee the strength

strengt ress an
of streps axfd dsenbhsh bédier sthzm psdfile &gihe rchmfnct i&glohs{@EiETMOSFET. Consequently,

hi ghe X AS e&g@)nf gﬁl ande %ﬂ%%gdqﬁﬁ E{%ﬁﬁl}%ﬁt g)a) %gwgf.rhson with conventional

MOSEETR VSR $0h@! andMeSEdgiond 41118 Qpp&G Suancks d Ftther! ?&'h‘%ﬁﬁrc@fand drain
flat upper surfaces. Further, such source and drain

regionp @dthovanted uppes slafape&jcaapp@rpassahcf eendarct geea and cedaigs ghet dwerall contact

nd reduce the overall contact
resmaﬁgés]ﬂ;fgg%@ﬁ%fﬂt he MOSFETs. [0008] In one aspect, the

present invention relates to a seniconductor device
a netal.- oxide- sen1conduct r field effect

I
10008 RiE g theNERS RV R RSl e micRpdhrgs device spRGsing a metal-

oxide- E@ﬁa&rﬁﬂctoi‘ fleld effRfl tFARGIME IMOSFREPF havid Esouldd@nd QHS gﬁﬁg located
drain regi ons have upper surfaces that are slante

in a semigqoRdycier ubstEAte- ubirer UL AR dRiegioRE have HPReTfages that are slanted
in relaB&P&Rt dndlpBer duP A0 f (it f‘efnﬁﬁ&lﬁlub’tor LddrsQurce and drain

regions of the MOSFET of the present invention
conpri se sem conduct or structures that are epitaxially

hn surface recesses of .th 1. conduct or
10009 rRPabis) o o % ol SRR GRS o1 e QT SR RIS Aisjuvegion
comprite Eérﬁicemﬁuctoakﬁnhdn&emhﬁsdra B@taxﬁdl]@@r&h@nﬁﬁﬂﬂa@@ﬁd@bﬁésq{f the
. substrate. In_this manner, npressi ve or tensi
SGHHC%FP%I%SW%eSUC@éﬁ@rcgp@&tqu%reé Fapdare # digfegnt &ﬁmqewenstant

from tAERhfdordt&of QibbRdid.| mEhTSMRES BorhGre R br idiRiI S REds@itad bk Y

generated in the channel region of the MOSFET due to lattice mismatch between the epitaxially
grown semiconductor structures and the semiconductor substrate. Alternatively, the

semiconductor structures may have the same lattice constant as the semiconductor substrate.

[0010] More preferably, the upper surface of the semiconductor substrate is oriented along one
of a first set of equivalent crystal planes, wherein the surface recesses each has a bottom surface
that is parallel to the upper surface of the semiconductor substrate and one or more sidewall

surfaces that are oriented along a second, different set of equivalent crystal planes.



grown sem conductor structures and the sem conduct or
substrate. Alternatively, the sem conductor
structures may have the sanme lattice constant as the
sem conduct or substrate. [0010] More preferably, the
upper surface of the sem conductor substrate is
oriented along one of a first set of equival ent
crystal planes, wherein the surface recesses each has
a bottomsurface that is parallel to the upper

[0011]5 erﬂcﬂi‘e %m%&ﬁu@@%@&ﬁqﬁ%ﬁfprﬁ&bﬁﬁé@tc?yséi‘ dilieBE R fif®'fd second

dewal | surfaces that are oriented dal ong a secon
sets Oﬁeqmw@mcw@i Plshesedjaipreftrebly seleyied dtonpthergseup @npieedg pf the {100},
Vﬁﬁp t tor substrate conprises single
{110} illl?gﬁﬁ%%%%ﬂﬂ%ﬁe first and second sets of
eqU|vaIent crystal pl anes are preferably selected from
t f th 100 10}, and
[0012%181&& sEbg *'niqnit othe, Praﬁ@%i‘?ﬂenﬁl?fl Qﬂestw@ew te o the Semiconductor
' substrﬁgtiﬁ’ @h@ﬁt@& afhngtdie Jrris qu‘m}' PMRE b8 IicdH) %Hgﬁ’?ﬁnec' uf %‘P@ sidewall
he sem conductor substrate is oriénted al
Surfaceﬁf Oft the syrface @t}cefsﬂeanr@spr@ﬁtedualqngahe { H)9d pldnes ofglicm. rMme preferably,

the stgérs?e\rl:?t!n!ldp é"raft at?)ESSOFECG réﬁggeegl ! egl i esﬁé%}élfflé may compnse

pseudpmerphicalby growntSh@e st Se@s&pﬁtaﬂhﬂyu griownaHicah of bheswuitable nifddial.
drain regi ons of the MOSFET may conprise
pseudonor phically grown SiGe-or Si:C, epitaxially
[0013DF&Mer,Sitel eicétidudtb Aevies!idf alb §roRhe {dvahtiod %&%ompmse a stress-
Further, the sem conductor device of the presént
inducipg, O@iﬂcwaﬁwg daiephacated gven the slantedl nppesisngfacgs of ghetsobse and drain
I h I rfaces
e O QU QP SNy § LR RS PRy
embodimentsofahe pi‘eeeﬂVﬁ)SEEﬁon,lme stre3siriducing alidlycufie Riyer cdtbrisbltensilely or

not necessary, enbodi { |nvent|on
comprfttv DS e isen o RioE R ORTE T Mgy egavely
tensilely or conpressively stressed silicon nltrlde
for N-MOSFET oqr P-MOSFET, respectlvely [ 0014]
[0014]1 15 angther aspgete the Rrgnentipuension relatpefa 2 Bisthod fak @smtru gasemiconductor
devwen@hﬁgqu@ﬁggornlng a sem conductor device, which
conprises: crystallographically etching a
senrcrystogapircallytesehing fesemlccnéheot pssve atceleated souraé and drain

| FET to faormsurface.re esses
BB S PSR B Pt e e REERI Do g Sndbcor
ssuubfteatehayranapperckutfhegientd aldngank iof & first 8ét oPkquivalent crystal planes,

equi val ent crystal pl anes,
a%lé wherein the su1yface recergses each has a bottom surface that is parallel to the upper

surface of the semiconductor substrate and one or more sidewall surfaces that are
oriented along a second, different set of equivalent crystal planes; and

growing a semiconductor material in the surfaces recesses at the source and drain
regions to form semiconductor structures having upper surfaces that are slanted in

relation to an upper surface of the semiconductor substrate.



and wherein the surface recesses each has a bottom
surface that is parallel to the upper surface of the
sem conduct or substrate and one or nore sidewal l
surfaces that are oriented along a second, different
set of equivalent crystal planes; and growing a
senm conductor material in the surfaces recesses at the
source and drain regions to form sem conductor
[0015k Further.themethad imey cappese fopmingacstressiaducingdislegtnic sapning layer over

the slaﬁ@gi%k;%r{%l’fg%é F)B H%%FE@H@LC%%U?%%&E& ﬁli;’lg g&%geggréﬁg&r%n r%%ons as well

as othérqrants bfitha MOSEEE.- i nduci ng di el ectric capping | ayer
over the slanted upper surfaces of the sem conductor
structures at the source and drain regions as well as
[0016?0&%? afpREts Festhiret BRd M¥aEdes dr@RliRTeddoR il 8BS Hﬁﬁé fully apparent from
eatures and advant ages of the invention will be nore
the enguing Jiselpyyae ansk appensied claifes.ensui ng di scl osure and
appended cl ai nrs. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0017] FIG 1 shows a cross-sectional view of a
BRIEE DESERIPTION ORIBHEDRIWINGSconpri sing enbedded source
and drain SiGe stressors |located in source and drain
regions wth flat upper surfaces. [0018] FIG 2 shows
[0017PFRE.QSshowe & tioRslddctivhA Wiedf of conIRtRUAMYESBETE Ge iy téiprising
aving source and drain regions with slanted upper
embedglgd pepressandalrein Sifingjreseprolosatedriiowiuras gnd drain fegiops sétflat upper
Suﬁmkﬂventlon [0019] FIGS. 3-8 are cross-sectional views
illustrate exenplary processing steps for form ng
the i nmproved MOSFET device of FIG 2, according to one

nt of the .present jinuvention
10018EFRE DB o Bost vt EPoe O PTSEMO: bk igiaging soliee and
drain WYEORELSh kladfed GPPRIsiFRces, LRBREHQ Ao SRILBIKLIRAELGF BePresent invention.
stressor structures with slanted upper surfaces.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON, AN_D PREFERRED
[0019]3’@@)3 NENT Srosd KRBT vieWR4dd: 115&1&%@%&& llafp%rﬁ&ssm% ste%)s for forming

descri ptl on, nuner ous speC| fic detail are set
the impraypd g(g)f‘gié&'lf devigeanf FIG. 2, according to one embodiment of the present mventlon

[0020] FIG. 9 is a scanning electron microscope (SEM) photograph of MOSFETsS that comprise

embedded source and drains stressor structures with slanted upper surfaces.

DETAILED DESCRIPTION OF THE INVENTION, AND PREFERRED EMBODIMENTS
THEREOF

[0021] In the following description, numerous specific details are set forth, such as particular
structures, components, materials, dimensions, processing steps and techniques, in order to
provide a thorough understanding of the present invention. However, it will be appreciated by

one of ordinary skill in the art that the invention may be practiced without these specific details.



structures, conponents, materials, dinensions,
processing steps and techniques, in order to provide
a thorough understandi ng of the present invention.
However, it will be appreciated by one of ordinary
skill in the art that the invention may be practiced
W t hout these specific details. 5 In other instances,

wel | - known structures or processing steps have not
In othgydesianges avellde@winstrietiees or prpcessingsteps bavgnst Beeptsisaaiibed ip detail in

orderttorﬁgoidrb‘ﬁgéﬂdng'ﬂhelﬂ@% It will be understood that when

enent ayer, reglon or substrate is referred
to as being "on" or over anot her elenment, it can be

i rectl n nment or_interyenin el ement
00225 be Yot phon a7 LSRN 404 2 i Bl praHbsainc egerred o a
being F& " 6¢brt Sholifer BRIRE, 1tHah 86 Uir¥ct§on thObtherb1ERE oY i Péning

anot her el enment, there are no i nterveni ng el ements
elemenyp gy also bepresent Impeniraie whemareelemersds tefierredith enbeing “dlrectly on”
[13 k2] U
or dlrgetg’t'ﬁ\'e& &ﬁd{e?ggﬁlrelﬁl? I;htegea%lf,‘ Bg %&I ! fér(l:lt?g ng@ntgﬂtg g?e%ent TR@ also be
understduel thithverenah etearent isoefeired erasdeingd’ baieathﬁra)t Sundey’ dmether element it
present. | trast en an elenent is referred to
can bRy el SEHH Jschieriment,or iR EURE Hetis ey be prevent. In
contra@'@h&iLin el&h&ieMeferted s Bs BYi: Mhrebily BEnéQRP BY“BFBIR hder” another
present. [00231 In single crystal sem conductor
elemenpihere; a5¢ BO inigryening elementsipiesaiiti ons and | attice pl anes
inaunit cell of a single crystal material can be
descri bed by a mathematical description known as a
[0023]Min| siregle criystallese micondaater rhatemials, talidatticd diteicnnnq dmldll@tti«':cnplhm in a unit
- cell ofgﬂrsillrll/gi{ glygglrﬁatg% ﬁgrgé ?eﬁ %/St 3l ﬁ ma%grg’}t@téﬁo ngrl]aﬁon lTnown as a Miller
Index.10fbne B4, Ehe:hl;ﬂau])n mm]eiﬁtuh@mwrmncex Cehines aLH?ysttaIQiﬂJeJ:tldﬂfor
single cr her hand, .the crystal

orlen%noan%lgh 8t Pf;&%@deﬂg@] [o1gy, rﬂbloé fend;m I dirgrtjqng ima cyprg t‘mt cell of
single GFylsial ﬁﬁ@odj rt e AtHeY hidde b Atdl gﬁmésh&l f)tce'tsrbfl\él sllﬂ%% cr stal silicon

| ndex, ch refers to a particular crystal
unit ceﬂlaaéedeﬁmétbyutfs: ssatioarihkle in Mrller dndekewhiok réferd ta aaparhgdar crystal

I he cr | anes ( 1 d
plane {rﬁﬁ ﬁ%?})st;%iéneéclhgté e%f:ntfl%/ Lhtkgldﬁl frection é:(r)] )ﬁantmpglg,étﬁ«% %rygt?l eplanes (100),
(110), ard (1d ¢} ofhe yinple rcgemli Bldlud)r&ﬁmt cElls h& esdeOtively perpedjculad bslthe [100],
Eﬂie% £ di rections. he ot her hand, because the
[110], gpd (114 pelirectigns, Qpoihe 8816& hiﬂﬁi hecauss the Bmbicrllsgre I?ﬁf';?étcéll a
senuc&rﬁﬁét@r &yl ﬂi‘eﬁ"@xﬁt ESniflks GRER o‘?tectllﬁqéléﬁ{%b%fgl dﬁédfﬁ)h@lmd planes.
di recti ons and @ﬁanes The notation <hKl> in th

The napatianeghkPnimehe Mikardndpxdhereforewdafings 4 familyorset @f@gmaﬁlent crystal
duectlglqs%r o?lleﬁﬂhorfst ¥af Qiample, the <100> directions include the equivalent crystal

directions of [100], [010], and [001]; the <110> directions include the equivalent crystal
directions of [110], [011], [101], [-1-10], [0-1-1], [-10-1], [-110], [0-11], [-101], [1-10], [01-1],
and [10-1]; and the <111> directions include the equivalent crystal directions of [111], [-111],
[1-11], and [11-1]. Similarly, the notation {hkl} defines a famiiy or set of equivalent crystal

planes or facets that are respectively perpendicular to the <hkl> directions. For example, the



directions or orientations. For exanple, the <100>
di rections include the equivalent crystal directions
of [100], [010], and [001]; the <110> directions
i nclude the equivalent crystal directions of [110],
[011], [101], [-21-10], [O-1-1], [-10-1], [-110],
[0-11], [-101], [1-10], [O1l-1], wand [10-1]; and the
<111> directions incl ude the eqU|vaIent crystal
{100} planss inchysle ther sef afiegpivajent qrystal plangs they are gesgegtivelyijerpendicular to
&w<ﬂ§?§hh@&ﬂ% the notation {hkl} defines a famly or set
eqU|va ent crystal planes or facets that are
respectively perpendicular to the <hkl> directions.
[0024£§ég%$gﬁ|{1§&§)g feegq% ‘%ﬂéo nttclﬁ)%P S}aggs?’gzg gg@tlg Slie}gsegg invention
refers RS4 REAIH) (ﬂ“léh@i"vaﬁa@t cr{'] pﬁﬂa@@&r fdbdtess dePiied by 88 Ailler Indexes, as
Cor r espondi ngl vy, e term "equi val ent crystal planes”
descriped heseipatioMe.t he present invention refers to a famly
of equivalent crystal planes or facets as defined by
the MIler Indexes, as described herei nabove. [0025]
[0025]TTike presenemiventivngmovides spuee iantladrahqsvmareglbds dithslanteSupher

regions wth slante r .surfaces for rqv
surfacg g QR 3B e AP GO Ao FHE UL ToF SEh SUBARGSTAT devices.
Specifidafifirhe §8YtegRMs of B MOSFERUE Y ceslof thePrédehiavédidn hve tpper
MOSFET devi ces of the present invention have upper

surfaceg fhptzre Gltederslagted with fesrpchio ag|upperatraper of thessepieandugiorsubstrate.
upper surface of the sem conductor substrate. [0026]
FIG 2 shows a cross-sectional view of an inproved

[0026 MISFE2Bh@ws hatoss sactiona s'tith[an impgived MQSFERN2 thaDcamprises S/D

reglonéh‘ggaﬁ? ggux{/) H'g%rlan%? lfga(éxs ﬁ%/zg}]q? (%énac o8 dl rg)gonte%m%oglment of

the préSp@GhV¥dntéian.l y, the MOSFET 2 has S/ D regi ons 28, 2D and
a channel region 2C located in a seni conductor
substrate 10 and between isol ation regions 12. A gate

(00275 el A thENMIONFETEShR DB r&iofdi &, 8planli G ch%@f regl%n 2 located in a
gate conductor 24, a gate metal silicide |ayer 26,

semicengurighsubssite édand befpecreiselation gigno .i 4 ghigrstasky thav emmprl’tﬁes a gate
dlelecﬁ“ii& 3&%& b2 O&)nﬁﬁ: Csor[ ?49 é élruf: %?e'ﬁl%ﬁ&gdé% T 2 atnﬁ %tpﬁ'cgnea% m%lewall

oca ace recess
spacers é?rmcbmlmcfbmed avabtht chimelli@giah 2Che S/ D r egi ons 2S and
2D, and they optionally may conprise surface netal
[0028] Semiconductor structures 14 and 16 are located in surface recesses of the semiconductor

substrate 10 at the S/D regions 2S and 2D, and they optionally may comprise surface metal

silicide layers 15 and 17, respectively, as shown in FIG. 2.

[0029] The semiconductor structures 14 and 16 may' comprise a semiconductor material that has
a different lattice constant from the semiconductor substrate 10, but not limited to semiconductor
materials with a different lattice‘constant. In this manner, the semiconductor structures 14 and
16 are compressively or tensilely stressed due to lattice mismatch between the semiconductor

structures 14 and 16 and the semiconductor substrate 10, and such stressed semiconductor



silicide layers 15 and 17, respectively, as shown in
FIG 2. [0029] The sem conductor structures 14 and 16
may conprise a senmi conductor material that has a
different lattice constant fromthe sem conduct or
substrate 10, but not |limted to sem conductor
materials with a different lattice constant. In this-
manner, the sem conductor structures 14 and 16 are
structugesnidrand 6 wan shemforle dungitior la.ystsetsscesﬁmdppiu'mgtcorrb@bnding stress to the
bet t he sem cond tor str res
channd] S B jod e TRt & St spibodnent e Gaseit ifvention, the
semccﬁnﬂﬁﬁ&ﬁﬁdsm@ OdtEpHse® Eingle Stystit bilit®E addHhaREmicdn&dior structures 14
therefore functjon as stressors for applying -
and 16.c9pmpgisspisusiemoehicalbsgrownii@e opdizanel regi on 2C I ocat ed
t herebetween. In a specific enbodi nent of the present
i nvention, the sem conductor substrate 10 conprises
[0030]sAkteghasivelyy teaemitohdustor, stractdres hé asd e mapdompuise a semiconductor

N L e T

no stresd is ¢Rjated @ thb4hamd] fioeRC BB kéBRoAIRRITsE OGS 1 Phind 16, and the
materjal that has the sane |attice constant from:the

only steestrindyridg Stresuein e shessed dieleptric cpringianerell thatpyedays dlies
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[0032] In a particularly preferred, but not necessary, embodiment of the present invention, the
semiconductor substrate 10 comprises single crystal silicon, and the substrate surface 10A is
oriented along one of the {110} planes of silicon. The semiconductor structures 14 and 16 may

comprise either pseudomorphically grown SiGe or epitaxially grown Si.

[0033] FIGS. 3-8 illustrate exemplary processing steps that can be used for fabricating the

MOSFET device 2 of FIG. 2, according to one embodiment of the present invention.



conventional S/D regions with flat upper surfaces, and
t he MOSFET devices of the present invention therefore
have rel atively | ower contact resistance. [0032] In a
particularly preferred, but not necessary, enbodi nent

of the present invention, the sem conductor substrate
10 conprises single crystal silicon, and the substrate
surface 10A is oriented along one of the { 110 }

pl anes of silicon. The sem conductor structures 14 and
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rou3af Fird o B Wi Ees e U BRI 2, Xyl taver 24,
and a di¢kopicany 14ye02% $§foﬁgec$6mi)3n uppdr sediave 1@ Ausfadeinionductor substrate

fabricating the MOSFET device 2 of FIG 2, according
10, assgovyy i Fe[ﬁiogdi ment of the present invention. 8 [0034]

First, a gate stack, which conprises a gate dielectric

| ayer 22, a gate conduct or | ayer 24, and a dielectric
[0035]:Ibe sealymndzétor pubstrage AP ehay\compese wps@rtalzl@: sifigle erybGhsemhicenductor

e BEJUSAGARL AT B S 8, SRS G ang s .

as weld as dthér II-¥ion @€l conysiuad saﬁllifbmnndmt'ﬂfe sefiidoadnddr, subdlltaceth may

incl udes, i.,s not i : SiC .S
also cegaprise aowre%% Condfgter such ps 588Gy ahilicat Syinuiacr (0N op SiGe-

on-instlatof(SGOTP %@@rﬁ%@@&%ﬁ@ﬁ&or sﬁbﬁra&em i QG&H&%@ of a Si-containing
substrate 10 may ~ al so conprise a | ayered

semicehictop mateciab i.c s @ g¢migendgiclogin@teriahthat inclodes stliconn Mareprsferably, the
sermc&%gc?or A s@ t§ lg%o%s(??s és@éﬂf%@& af bl(ll?gaxgg?e' crﬁﬁ$ fsﬁ‘ircgl?l Xlterhgﬁvely, the
I's conmpbsed of "a

em con
sermcéild-uctmtlﬂjsﬁatego nwmompndemﬁecxrr miat eutial insulater layés (not shown)
conduct or erial that include licon e
thereiy TRERARA P e S LOELe P Siopay o G Hah Speed and
undop8$ s @hdt¥h&hn)akdrkinsi ngl e crystal silicon.
Al ternatively, the sem conductor substrate 10 may
conpri se one or nore buried insulator |ayers (not

[0036]S ﬂpé/\ﬁr)efemg rtﬁft Hot nE@@ss n&rﬁm 1 QF tire &Eﬁﬂh@en&ope seplﬁconductor

: doped, undoped or co al n bot oped and
substrated D onmp(ises singteowystal shispe and hdsao3OperisurfacepkOef datrie driented along
I Jecessary, enbodi nent of the present

Ofmeqﬁggﬂﬁwﬁﬁo t'He®semi conductor substrate 10 conpri ses
S|ngle crystal silicon and has an upper surface 10A

[0037 ]51°‘F ]eégrspng Esloieartlltor(le (rjeg?cl)no rsll?ch a(s) f fog Qfaréplg' ]£19e t};en%L ?sr(])?a%lor? freglon 12, can be
prov1ded in the semiconductor substrate 10 to isolate the device region for the MOSFET 2 from
the adjacent device regions. The isolation region may be a trench isolation region 12 (as shown
in FIG. 3) or a field oxide isolation region. The trench isolation region 12 is formed utilizing a
conventional trench isolation process well known to those skilled in the art. For example,
lithography, etching and filling of the trench with a trench dielectric may be used in forming the
trench isolation region 12. Optionally, a liner may be formed in the trench prior to trench fill, a
densification step may be performed after the trench fill and a planarization process may follow

the trench fill as well. The field oxide may be formed utilizing a so-called local oxidation of

silicon process.



[0037] At |east one-isolation region, such as, for
exanple, the trench isolation region 12, can be
provided in the sem conductor substrate 10 to isol ate
the device region for the MOSFET 2 from the adjacent
device regions. The isolation region may be a trench
isolation region 12 (as shown in FIG 3) or a field
oxi de isolation region. The trench isolation region 12
is formed utilizing a conventional trench isolation
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Gnctudigigmeta! et e TFBRARCHS of T creHERinh i prejomed that
the ga@ @iaéém&ﬁpém 18 ESRpriRY ob8n HEHE AIKRY, fof éﬁfnﬂé" g@{ 761 7r0,,

il anarization process nmay fo

Alzoz,ﬂl@mdhiz@s ISIr'Ple WA103, apd enik fugsgschergofe éIhnwpy&y@l tmqtlmess of the gate

dlelectltJiE 'IAC)JelZ Qi‘%? 818/3%?&%6 ga(fhzé %l? ﬁwe(%?%cru?égd g@lgrgn %ﬁﬁmﬂu‘i %rrelployed
Typlcqb]lyethe rghteldlmlﬁ:mﬁc IagerPayhabe tidckess fed abbutadrs/tobbiitallol rén, with a
vickoy T PP, S e M DU Dt 2,19 cne
formed b?@ tHeEth NG réwing prévkds sadh &5 f&@ﬂarﬂ?kr bd@dionBhigtdation or

icates). In one enbod i nent reeHedthm

oxmmﬁ@ogatﬁétemaévdwhﬁ: gatp diplsctrpayes 2@@@% fnsmed by adepnsitipa process

e

depos1phly SAIcla) evdpocdtiop sreaavive spategiag schenhical ﬁﬂmtrdnaiebeey&dm ahd other like

dep051 %‘XR e’[ﬁlglgég;éjgﬁg endkp/gr nxg}ztlyhiz ﬁ%gegg)lpg\ %}1&1 SHch%rr}lbmatlon

ofmeMﬁMebnﬁﬂ%Bas a thickness fromabout 0.5 to about 10
rim with a thickness fromabout 1 to about 5 nm
being nore typical. The gate dielectric |ayer 22 can

[0039]PFhe ga%r GRbdudly 2 in'ﬁ%eﬂ?étm%l%lé@np Eaﬂ)clgie; 23 mgg(tﬁed &R the gate

exanp e, oxli dati on dati on or nitri 1 oNn.
dielectpif layen2d, |bvé1r§ﬁ depdsétingaat ankiebgate toridoctonlager (Gt shawnpband a blanket

dielect;ig éarlrrﬁ%q%b%za d gé%@l gv%r %og%:les IC&B ggﬁ;gz Eg ogvteeé %npélet%ming the

blankeagzﬂm:mdluatybﬁrayeQGMbWhpﬂld(tﬁé.ﬂl)slec&iéwp;ﬁlﬁg la@& (nbEshGivny Bito the
sputterin chem cal sol ution d%§OS|t|on and ot her

gate cqriljtor #hHhe PRIIPNAl BeleciEe sap My Zgatsmedeaysadipngl dithogiaphy and
etchin 2Hf95lﬁh§ér 108, reTEdblihvere Jagk RN (PEIIthOFaHIN incRides applying

he above processes.
a photoresist (not shown) to the upper surface of the blanket dielectric capping layer (not shown),

exposing the photoresist (not shown) to a desired pattern of radiation and developing the exposed
photoresist (not shown) utilizing a conventional resist developer. The pattern in the photoresist
(not shown) is then transferred to the underneath dielectric capping layer (not shown), the
blanket gate conductor layer (not shown), and the blanket gate dielectric layer (not shown)
utilizing one or more dry etching steps. Suitable dry etching processes that can be used in the
present invention include, but are not limited to: reactive ion etching (RIE), ion beam etching,

plasma etching or laser ablation. Preferably, but not necessarily, the gate conductor layer 24
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[0039] The gate conductor 24 and the optiona
dielectric cap |layer 25 are forned over the, gate
dielectric layer 22, by first depositing a bl anket
gate conductor |ayer (not shown) and a bl anket

di el ectric capping |layer (not shown) over the gate
dielectric layer 22, followed by patterning the

bl anket gate conductor |ayer (not shown) and the

comprifes pelyerystalling sicay (nody81). ndche dinleaimic capiiayer 2Heconpaises silicon
. . ' i .ic c | ayer 2 .
o OLIGB dh SRAP s R0l RS R SRt
(not shaver) Ggthap kintovet &p respst efippimblafter etotetisRasgbe copleded ( PC)
l'ithography, includes applying a photoresist (not
shown) to the upper surface of the blanket dielectric

[0040F ARSI Helb@teEpdcBOl7 18 RN alon@sRRValIFof HE (R OO, ?@iﬁed by a first
(not shown) to a desired pattern of radiation an :

dopang sl arsgfiamcptepHer foxmingabe SAhextensian regioph2k insthe wenniconductor
st R PR 0 e SR S ER A ORERTLES

extensidreregiode 2B et liphdy dbpeit wiitle p-cgeaiopant|spacids, {ueh Ta)s Sbt@ﬂ{(fjb)lurginum,

. the . .blank ate or layer (not _shown), and the
eallugy SdBY O Weh 0F SLOSTEED P Ry o BRRY 6 ST Prepgon regions
2E areAiht19 dop®d ®itkl hitypt &)Ehﬁl&p@éi&? Such a8 bh&Bh&rub ra¥seRicC M dBhtimony.

processes that can be used in the present invention
i nclude, but are not limted to: reactive ion etching

: i . I
0041 4ok SERNPOAR spckl ARG 0 Reph i e sk
~ adjacegvtodbe ficst diekegeic spdcet 07, @ssiowsimsFIGobycryst al | i ne

silicon (poly-Si), and the dielectric cap |ayer 25
conprises silicon nitride. The etching step

[0042PAsEEfoaBhTon oF tedebbRIUi QBB ¥pddbi2d, 8 ChRtaflBESphid BRhing process is
. $atterned phot oresi st (not shown) is then renoved by
carrieq WJPER SWi4Cr fEfiepigs AR te semicAndgtasabsyater O ragiensadiacent to the

gate stﬁ&p ﬁplhd%vd‘ iih-rlﬁ@i. éi ﬁeeﬁl}fa.hgre\%&@?sg}f ?agg\élésc‘%g&{adﬁ? Igl.}‘rga{cg Ry that is

sidewal I's of the gate stack
paralle] ¢t tuppersheiadealiidoof the samitenduttor stbsigate e asl Ehecortraors sidawall

regi ons. 2E in .t he sem conductor substrate , as,
surtack B3Py Sabdla o GG ERD 5 G RheimsmRed DD o fficonductor
| substrmd .Espectﬁmuyy Vﬂlen&gé et Quifdce §0AS ﬂ%liﬁﬁhi@ngﬁcg&ﬁshbstrate 10 is
. oped wit -type dopant _species, such as boron
orlenteg) ﬁmmofg ﬂgaﬁ 1B plankvrd sitisamaihy Sivevenll soracyriBerthorecesses 3 are
orient¥ bl G 0 16 }MH:E& ifiét, whidh@Xd GRS 857 SRS relfondb fhe {110
[i ghtﬁ gope} vviet h Sﬁl-lt ype dopant speci ezg,%ll sucF]e as ! e {110}
crystalidangphor us, arsenic, and antinmony. [0041]
Subsequently, a second dielectric spacer 28 is forned
al ong sidewal | s of the gate stack
[0043] The crystallographic etching step as mentioned hereinabove can be carried out by any

suitable dry and/or wet etching techniques known in the art, including, but not limited to:
reactive ion etching (RIE), isopropyl alcohol-based wet etching, etc. The crystallographic
etching etches the semiconductor substrate 10 isotropically, but at significantly different rates

along different crystal planes or orientations. Therefore, the etch patterned formed by a
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adj acent to the first dielectric spacer 27, as shown

in FIG 5. [0042] After formation of the second

di el ectric spacer 28, a crystall ographic etching

process is carried to formsurface recesses 3 in the

sem conductor substrate 10 at regions adjacent to the

gate stack, as shown in FIG 6. The surface recesses 3

each has a bottomsurface 3Athat is parallel to the
crystallpgraphie efchiag proress pspceedrcalengnthe stiefchast crysid plangs andlig eventually

surfaces 3B that are slanted

wpnn%%Q§§Q§e§Bg§§%ﬂP ﬁS?@éiupper surface 10A of the

sem conductor substrate 10. Specifically, when the

[0044ﬂ$.?t | o r {2 nﬁéh%oﬁlllé” agq. lt'epq:e%g’s{egn yt n&;{ﬁg&@?@? gl.}g{sg;tgééoanl e?ntaxml
growth b€p §éxﬁl%/ﬁhlledsdﬂ’t iRg8% aXRBnfdontib@or RSRANGR R BERses 3 to form the
oriented along the { 100} planes of silicon, which are

semicenductog stauctyyes Ehajideld, psshopmnadr FA. T oAs m@n@oqeﬂdm)erelmbpgq,ahe
sermc@rlcfﬁ?t%gne C?Ql&er 14 H?ib }Séo%llé) a%Qﬂc%gcﬁIc?c{} nga%risatl Bt % a different

Oove “can ‘be carri e
latticesondtat fendthy samdbnﬂuctmtsul&tradel 1|0g01t mhmomi&aokmmﬂ‘iall that has the
d to:  reactive ion

same Tl Eistankies Sy 18; shiTheiobinint SBokemiglor Mbstae

10 corfipréses gihgle(‘ef))éﬁdl gilic&r) tRRiriconBh @b el cRbsNA%inl 18 may comprise either
sem conductor substrate 10 isotropically, but aft

pseudemerphicpibygiomp Jite pedichor epitasially grewiySidi f f er ent cryst al
pl anes or orientations. Therefore, the etch patterned
formed by a 11 crystall ographic etching process
[0045pWhe B ditssemlicondudtdrestriierstes d 4 ahé d6 areyfetmadd ! aseasicanddctosmaterial
d crystal

._event ual . term nated,by the Iow
havingoy SEER |afi £rskid Bom 7 SerieG T 9T 1 Peist F o campsssive
stress 1% dréatddia Méhﬁwﬂdb&bﬁtrusmhﬁtlﬁ&h& 18 Quedd tRNhdidin@match between
step can_be carried out row a seni conduct or
the scizopiy edp

cair sehriies 19 and Lo e pupsicae 1By Ruch seemied spisendicion
structufr&sr HEANd! 1B5n Aftn %Bﬂy IRess 3SR kANl R §ﬂ1§C of méﬁd@ﬁ&r’ PNgg

her ei nabove, the ~“~sem conductor structures 14 an
examplaywhen ﬂmﬂewoad@@m substratec t beompuises single ctyatal hh@onaSIGe can be used

ice_con nt fron1t cond
o fore il Etety Rt SRR TH rbb P d FERCHREMIRR Bamprpive
stress ﬁﬁl’fécllla’mhéll regoﬂ: Qﬂ?df ARIMOSFETQ. Ydrerganinelyc$ioC cddbe used to form
] gbe0|f|call t he sen1conductor substrate
tensile

ﬁf?ﬁ?egégmé‘%"ﬁ@%céorélfy%tt"éﬁ ldand Lo fpr quaen&@ﬁfllfoﬁqrew éhe channel
regiond SGhs! MRSSHEA #nd 16 may conpri se either

[0046] When the semiconductor structures 14 and 16 comprise a semiconductor material having
the same lattice constant as the semiconductor substrate 10, no stress is created in the
semiconductor structures 14 and 16, due to the perfect lattice mismatch between the
semiconductor structures 14 and 16. In this event, stress is applied to the channel region 2C by a
subsequently deposited stress-inducing dielectric layer 30, as shown in FIG. 2, instead of by the

semiconductor structures 14 and 16.
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pseudonor phically grown SiGe or Si:C or epitaxially

grown Si. [0045] When the sem conductor structures 14

and 16 are forned by a seniconductor material having

a different lattice constant fromthe sem conduct or

substrate 10, tensile or conpressive stress is

created in the sem conductor structures 14 and 16, due

to the lattice m smatch between the sem conductor
[0047]sThwpwﬂreste10¢ agauicb6duntet mdteria garsbe a'gmiﬂizmtlystiﬁfebrent along different

erysall g RERB 3 Kb S Bl R sanfY P e ok Behbg) planes

of sﬂldBﬁ Ithan&)vamhbﬁ{,l 10¥s1ands o€ sisiedn. CTHigkfefePWhenhS bb@éid sufaces 3A of the
nprises single crystal silicon, SiCGe can be used to

SurfaC? @Pﬁsse%ﬁ@ SEigtgEd F“;‘/’“& pheeithe { Siinlaesiaed e sidevald sufases 3B are

I |
oriented1GHiine P100 o1 6 R bR ERNYEcyff £, BT thatarg
epitaxi@lalyn gtyovnuigsuch surface messaﬁleblhqve sipp@seares et eerstimexion relation

it R 6 B Nl 5 8 B AL 3ot

and unﬂh@rﬁ)ﬂﬂlo@aﬂﬁﬂ Bbtesm Sirfaded 3K eSAslxﬁerﬁfdﬂed-ﬁerélﬂ&WvbStﬂe Semiconductor
n1conductor material having the sane lattice
structugesnidh a1 o h sDtesEHAReE EtRES P patiisylarlyeleatiye imgngroyiag ghe stress

proﬁleI 1§ tlﬁar &@3hiRd rdgior I anFRALGANEE %Bﬂﬁct%sﬁéi'&{cy bfthe MO§P§T 36,

to the perfect lattice msnmatch between
sem conductor structures 14 and 16. In this event
j I|e the c l,{ eai,aon_2C .b
004813553 TE ot PRS0 E brMor B 20l G 8 et Sl g im st e,
during|thy €pitaial gxawdshﬁﬂm sdrﬁlcdﬁ{cﬁctox? strudhsrt € Pdlaraf 160¥r Byignplantation after
nduct or str tures 14 and 16. 12 [0047] The
thegmgj\“g]\ﬂfﬁ‘ersgt‘g“r&? 14 héjconductor material can be
significantly different along different - :
stal | ographic directions. For exanple, SiGe grows

[00491§Aé¢r fpimpation|of thegeminonduasqr strietures 36 m@ﬂ@nb@dlebﬁtr@uchp tager 25 can
be remtobé‘cpfr&ﬁ%ggrt tﬂg ite %c’l"rpda:cf?)lr 35 %&d Q)Fntlﬁ’]all e B 31111;9&@ E:grtt%tef ers lé 17,

ol T Bm SUrt aces SUPTace Tecess
and 26anas thenibe foratdadventhe smecofegion 2 S{ the Hikin pdgione2D,and tﬂd@te conductor
24 idema&ﬁ s§{faces 3B are oriented along the {100)
’asérzﬂeg, Qe conductor materials (such as SiGe, Si,
etc.) that are epitaxially grown in such surface

recesses 3 will have per surfaces that are sl anted
[0050]; Snbsequgntiys A strggstipduckie CE eJpetric sanpingclayar 3R indeposited over the entire

structu?é'I kﬁ?‘lﬁd{i‘ﬁ getgégl-anféﬂ Spp& sOf5Led | 2Xafld QYR of IHARerl BRIRYr structures 14

aces
and 16, to form a complete MOSFET 2 as shown in FIG. 2. The stress-inducing dielectric layer

30 preferably comprises tensilely or compressively stressed silicon nitride, which can be readily
formed by any suitable dielectric deposition method. Specifically, a compressively or tensilely
stressed silicon nitride layer can be formed by, for example, a low pressure chemical vapor
deposition (LPCVD) process, a plasma enhanced chemical vapor deposition (PECVD) process,
or a high density plasma (HDP) deposition process. Preferably, the compressively or tensilely

stressed silicon nitride layer 30 has a thickness ranging from about 10 nm to about 500 nm, more
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and undergrowt h over the bottom surfaces 3A. As
menti oned herei nabove, the sem conductor structures
14 and 16 with sl anted upper surface are particularly
effective in inproving the stress profile in the
channel region 2C and reduci ng the contact resistance
of the MOSFET 2. [0048] Doping of the source and drain
regi ons 2S and 2D can be carried out either in situ,
preferabl from abont 2{ynrn teabspt 2@0ra) angmoost prefdratiliyérom about 40 nm to about
100 sem conductor structures 14 and 16, or by inplantation
Mfter the grom h of the structures 14 and 16. [0049]
Adter formati on of the sem conductor structures 14 and
the dielectric cap layer 25 can be renoved from

[0051130@1“9111% (9408 Peashing Hips sat arerveliromaria theast, such as, for example,
mterle:%lslI diQtABc 8P¥sich ahdMlab coract %nau@rpﬂ ep’s 4 cr::ﬁﬂﬂ: e REH dAftied out to

formed over the source region aln reglo
completadhe MOSFE T eleyivn duSuch coxﬂdr;ltumal EMOWprocessingGsteps arf ﬁOﬁ&]scnbed
seqgue resss dlelectrlc cappi ng
in et RRTHHLIE Bl 0.8 o SRR RPE BB BN ER o1 T uct e,
|nclud|ng t he slanted upper surfaces 14A and 16A of
t he seni conductor structures 14 and 16, to fo
[00521:}8% Pshews pegapting elegtramprgroscaPIE (SEM) phqtﬁgaph of MOSFETs that
comprisk 56§ AW Gind Qag%n@ & sidnfed L@%@{surégespﬁsqeg rﬁ%h:ﬁﬁ einabove.
conprises tensilely or conpressively stress St T con
nitride, which can be readlly forned by any suitable

[0053]ng e?l%t Ruhcl;leq"? Qes % b qpus{}mtfvepy dsetm ecalle% axg?)lf lr%p&eﬁy M??]ﬁ%’g device

structdrayt&i’ ex(empldi)ﬁ plfoﬁéslm@ steps fdrcfbmﬁx@mhe de®ick ottudiire Seﬁ:UdSerg to
che or %8 S|t|onpé rocess a pla
specifig SRR BRI e LipyFniiga wewm orgingalycskilled in the ar
can reﬁily%&ﬂl%ugl?ﬂ akdive Mu@ﬁlf@m{d@&)esgﬁgﬁﬁst foPﬁHanaﬁGﬁ #ospecific
Preferably, the conpressively or tensilely stressed
applicajqnjre@treqientsi epasisigiewitls @ewagveedqsmmwn@sEorreawgplngwhlﬂqatﬂm

semc%@g{:}%}r é.\g)stpﬂ%st s‘ﬂo@E Wi 3%8 Z%epan%ﬁ‘ ba‘fl)i sglrn?cf %%uﬂ%ﬂ%@s it

nmto about nost
shouldaH@cnpprmmtedrmat ceraiconductol-@a- inmlat{n(XGB)Ij suhstchtesl cxan also GbMhked for

. th art ch
i PRSP R S b T i e
crystal@io%h awﬂrﬂzﬁily ﬁlﬁfsﬂ‘&%di EE %@?7 ,Geter glﬁtag&&,‘ﬂyétél pYadks, s8¢ as the
evi ce uch

(111) Sy it BB Bhess (ria elaspoef Shelere et o, esaisoibgeged in any

‘suitable combination in the present invention, consistent with the spirit and principles described

hereinabove.

[0054] It is noted that the drawings of the present invention are provided for illustrative purposes

and are not drawn to scale.

[0055] While the invention has been described herein with reference to specific embodiments,
features and aspects, it will be recognized that the invention is not thus limited, but rather

extends in utility to other modifications, variations, applications, and embodiments, and
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in detail herein, in order to avoid obscuring the
present invention. [0052] FIG 9 shows a scanning
el ectron mcroscopi c (SEM photograph of MOSFETs t hat
conpri se source and drains regions with slanted upper
surfaces, as described herei nabove. [0053] Note that
while Figures 2-9 illustratively denponstrate an
exenpl ary MOSFET device structure and exenplary
accordingly @l suehcptherappdifieations vatiatipns, applicatides, andersbodiments are to be
Lng . I £1.C | rents. of the present
regardl%g\%gﬁ«%ibg%} th?‘tth? gﬁ%{ %ﬂgrscfgg?qq%e 18%?@83' or di ngr ily
~skilled in the art can readily nodify such a device
structure and processing steps for adaptation to
specific application requirenents, consistent with
t he above descriptions. For exanple, while the
sem conduct or substrates shown in Figures 2-7
represent bul k sem conductor substrates, it should be
appreci ated that sem conductor-on-insulator (SO)
substrates can also be used for practice of the
present application. Further, while the 11101 and {
100 } crystal planes of single crystal silicon are
primarily illustrated by Figures 2-7, other suitable
crystal planes, such as the 11111, 12111, [311),
15111, and 1711) planes of single. crystal silicon,
can al so be used in any suitable conbination in the
present invention, consistent with the spirit and
princi ples described hereinabove. [0054] It is noted
that the drawi ngs of the present invention are
provided for illustrative purposes and are not drawn
. to scale. [0055] While the invention has been
descri bed herein with reference to specific
enbodi ments, features and aspects, it will be :
. recogni zed that the invention is not thus limted, but
rather extends in utility to other nodifications,
vari ations, applications, and enbodi nents, and 14
accordingly all such other nodifications, variations,
appl i cations, and enbodi nents are to be regarded as
being within the spirit and scope of the invention. 15
CLAI M5
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What is Clained is: 1. A sem conductor device
conprising a netal -oxi de-sem conductor field effect
transi stor (MOSFET) having source and drain regions
| ocated in a senm conductor substrate, wherein the
source and drain regions have upper surfaces or
‘portions of upper surfaces that are slanted in
relation to an upper surface of the sem conduct or

CLAIMSbstrate. 2. The sem conductor device of claimi1l,

wherein the source and drain regions conprise
sem conduct or structures that are epitaxially grown in

What 81iigfed ig-ecesses of the sem conductor substrate. 3.

The sem conductor device of claim?2, wherein the

-sem conductor structures have a different lattice

CR Qé&lﬁgéﬂlfct& 'ﬁ‘e%@g coti s?ﬂ)ég?fﬁg{aﬂémﬁ%&ﬁrc@ﬁcﬁlcwﬂ ﬁel-[irb?fect transistor
sem conductor device o arm 2, erern the
s@OSBEDUGving setrce ahdidam fegivas lobated e miedniducer substrate,
constant as thegéenicondu tor substrate. 5..

The
SWRTEIBRARNME e Fralregions PAYGHPPET IHRaresioR PPRioS piyper surfaces

staf 26 Sabd IfYelaBBAE 6t QifacS RS EdhiBordhc@F sutiirae.
al ong one of a first set of equivalent crystal planes,

wherein the surface recesses each has a bottom

. - | fac he .
SH SR A o PR MRk i

ssenficmdsctor dmttusasahararecspitexially grogyndn saéae netessds 6f the ent

set.ofdequivglent crystal planes. 6. The sem conduct or
JEPNCRBHOLIURF RS, wherein the seni conductor substrate

conprises single crystal silicon, and wherein the
first and second sets of equival ent crystal planes

atle ssevicopdediondeyier helaim duphereindhestenigpndrctomuructuigs diaye 2
(diftbitn: 13fie borbleh! rBhARER bbbl ABsura® 7. The

sem conduct or vice of claim erein the upper
surface of the seni conductor substrate is oriented

ong._one .of t e.é é 01 planes of silicaon, and wherejn
PR Rionsblict cheltin P Rl Sy Fiib ol e
reamedatece @netany dsehd @ehic@dndo@ot dudstfatd.001 pl anes of
silicon.
The semiconductor device of claim 2, wherein the upper surface of the semiconductor
substrate is oriented along one of a first set of equivalent crystal planes, wherein the
surface recesses each has a bottom surface that is parallel to the upper surface of the
semiconductor substrate and one or more sidewall surfaces that are oriented along a

-second, different set of equivalent crystal planes.
The semiconductor device of claim 5, wherein the semiconductor substrate comprises

single crystal silicon, and wherein the first and second sets of equivalent crystal planes

are selected from the group consisting of the {100}, {110}, and {111} planes of silicon.
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10.

11.

12.

13.

8. The sem conductor device of claim7, wherein the

sem conduct or structures conprise pseudonorphically
growmn SiCGe or Si:C. 9. The sem conductor device of
claim?7, wherein the sem conductor structures conprise
epitaxially grown silicon. 10. The sem conduct or

device of claiml, further conprising a

stress-inducing dielectric |ayer |ocated over the
sﬂ"hme@dcmpeuor éﬂ.vrineazf ekinnf, wheregabe uppeasutfate af the semiconductor

reqi ons. sem cond r device .of c

R RS s denie PhoB ST AEME 31 i S, G Whertin the one o
C A Jidetulltsarfades ©f theGUrfEcTa¢esses adriented afmEake 5100} wﬂes of
nitride. 12. A method for form ng a sem conduct or

delif¥e, conprising: crystallographically etching a

sem conduct or substrate at sel ected source and drain
regions of a MOSFET to form surface recesses therein,
whig sgimicandacterddvicsrod elzin 7, wherbmtthaseeibasiuetor stpjparres comprise

SO aRbiel, EPaF FRARETC"and wherein the surface

recesses each has a bottomsurface that is parallel to

the upper , surface of the sem conductor substrate and

ok ieRAdEctes dryiggiof clalm f gwbereinibe seapieondpetenstalgtusssopgprise
aqﬁﬁgﬁng Jid figdognt set of equival ent crystal planes;

and QFOMAng a sem conductor material in said surfaces
recesses at the source and drain regions to form

tructures . hav upper surfaces or .. .

PG ERAEATH A0 RO Ui 1 BHp Ao BB g s B diclectric
r myatlomdt avepthe YRapRd uppkrisadaced bf he SowedrhiddinGEtQbns.
substrate. 13. The nethod of claim 12, wherein the
sem conductor structures have a different lattice
CPRSdefidoni AR dRe DEBIGR NOWELSE tRHRRtL Alicin g— Zlei]eémc-lig}%r
met hod of claim 12, wherein the sem conductor
seompstses lensilelives compressinely smess¢dwliconanigidant as t he
sem conduct or substrate. 15. The nethod of claim 12,
wherei n the sem conductor substrate conprises single
cAyImﬂRld fosfdrmingry, seaiabndingoradenice niprisiig: and second

sets equival. ent crystal planes are sel ected o
crystallo aphically etching a semicdnductor substrate at selected source and drain

regions of a MOSFET to form surface recesses therein, wherein the semiconductor

substrate has an upper surface oriented along one of a first set of equivalent crystal planes

and wherein the surface recesses each has a bottom surface that is parallel to the upper
surface of the semiconductor substrate and one or more sidewall surfaces that are
oriented along a second, different set of equivalent crystal planes; and

growing a semiconductor material in said surfaces recesses at the source and drain
regions to form semiconductor structures having upper surfaces or portions of upper

surfaces that are slanted in relation to an upper surface of the semiconductor substrate.

The method of claim 12, wherein the semiconductor structures have a different lattice

constant from the semiconductor substrate.
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14.

15.

16.

17.

18.

19..

fromthe group consisting of { 100 }, { 110 }, and {

111 } planes of silicon. 16. The nethod of claim 15,

wherei n the upper surface of the sem conduct or

substrate is oriented along one of the { 110) pl anes

of silicon, and wherein the one or nore sidewal

surfaces of the surface recesses are oriented al ong

the { 100) planes of silicon. 17. The method of claim

15, wherein the sem conduct or structures conpri se
eudonDr |cal omn Si Ge, or :C. 18. The nethod X
ecm%thﬂ# g‘gc reffh'é‘e é%fH’iCE'EﬁP&EPé StEpCctEes hrve fhesame lattice

C&ﬁ&ﬁh@ﬁmeh@esnah&t&sugg&ae@ silicon. 19. The nethod of
clarm 12, further conprising formng a stress-inducing

dielectric layer over the slanted upper surfaces of
J@ge @etg‘ & °rgc%‘l%t £, whblettthe S&RicBiaukf? stRHEE ZoRntsed sBigl crystal
silicon, and wherein the first and second sets of eqmvalent crystal planes are selected

from the group consisting of {100}, {110}, and {111} planes of silicon.

The method of claim 15, wherein the upper surface of the semiconductor substrate is
oriented along one of the {110} planes of silicon, and wherein the one or more sidewall

surfaces of the surface recesses are oriented along the {100} planes of silicon.

The method of claim 15, wherein the semiconductor structures comprise

pseudomorphically grown SiGe or Si:C.

The method of claim 15, wherein the semiconductor structures comprise epitaxially

grown silicon.
The method of claim 12, further comprising forming a stress-inducing dielectric layer

over the slanted upper surfaces of the semiconductor structures at the source and drain

regions.
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