WO 2006/ 019675 PCT/ US2005/ 024489 A SEM CONDUCTOR DEVI CE W TH A H GH K GATE
DI ELECTRI C AND A METAL GATE ELECTRODE FIELD OF THE I NVENTI ON 5 The present

i nvention relates to sem conductor devices, in particular, those that

i ncl ude hi % 09@{)]36% el ectrics and netal gate el ectrodes, BACKGROUND OF THE
| NVENTI ON 10uUP8f fect transistors with very thin gal&TYPEREMFcs made
fromsilicon dioxide nmay experience unacceptabl e gate | eakage currents.
Formng the gate 10 dielectric fromcertain high-k dielectric materials,

i nstead of silicon di oA SEMICONDUCTOR DEVICE WHATHJ: HIBEcKuUse, however, such
a dielectric my noGATE DIEYECTRICAND AIMBTALGATEELECTRODE be desirable to
use netal gate electrodes in devices that include high-k gate dielectrics.
Certai n netREsD\Of THE INVENTION | on below 4.3 eV nmay be used to make net al
gate el ectrodes for transistors. Those netals, 15 however, nay be

ther mal by unst athg ﬁ?éksér@mhﬁéﬁFé?ﬁteelmsm&%%ctsa@ieﬁg@gahich%r,rtﬁaé‘é

adversely with hig gate dielectrics. According Is a need for a

sem concc ARUAE gt Be JORB0ds BA: g AleBbbloqgnd on 1WCS retal oatc

el ectrode w u ermal |y stable at
400C. The N E£SeR uch a 20 sem conductor device. BRI EF

DESCRI PTI ORGERS -1i represent cross-sections of
enbodi ment of . a

structures that be formed when carrying out a o

repl acenent gat M&%ﬁﬁ@d‘a ?P&f’aﬁﬁ'ﬁ%%w'tﬁé’@é’ &h@‘ géﬁ@'ftr?ﬁ%tﬂe%ma@s ERe SliFRIevi ce
of the present invention. 25 Features shown in these figures are not

i nt ended t digxdeimayexperiencs unacceptable gate leakage currents. Forming the gate

10 dielectric from certain high-k dielectric materials, instead of silicon dioxide, can
reduce gate leakage. Bécause, however, such a dielectric may not be compatible
with ‘polysilicon, it may be desirable to use metal gate electrodes in devices that
include high-k gate dielectrics. Certain metals with a workfunction below 4.3 eV
may be used to make metal gate electrodes for NMOS transistors. Those metals,

15 however, may be thermally unstable at temperatures above 400°C, causing them
to react adversely with high-k gate dielectrics.

Accordingly, there is a need for a semiconductor device with a high-k gate
dielectric, and an NMOS metal gate electrode with a workfunction below 4.3 eV
that is thermally stable at 400°C. The present invention provides such a
20 semiconductor device.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1a-1i represent cross-sections of structures that may be formed
when carrying out an embodiment of a replacement gate method that may be
used to make the semiconductor device of the present invention.

25 Features shown in these figures are not intended to be drawn to scale.



WO 2006/ 019675 PCT/ US20051024489 DETAI LED DESCRI PTI ON OF THE PRESENT

| NVENTI ON A sem conductor device is described. That sem conductor device
conprises a gate dielectric and a netal gate el ectrode that conprises an
alumnide. In the follow ng description, a nunber of details are set forth
to provi de BO®RYHRUgh under st andi ng of the present i nFEHYBHPSM48% 11 pe
apparent to those skilled in the art, however, that the invention nay be
practiced in many ways other than t hose expressly descri bed here. The

I nventi on DETANLED DESCRIPTIGN OF THEPRESENTIINVENTION s di scl osed bel ow. One
enbodi nent of the present invention conprises a high-k gate 10 dielectric

upon whi ch is fosemrtonduddiBevied rldegsfited:| Piedtrseificritiictsraavideses an
al um nide. The high-k gate dielectric nay conprise hafnium oxi de, hafnium

silicon oxidfighriskat alaﬁeueeihe'snd'a%ﬁéaﬁg;&@e@éa%@qna%rﬁmeya’ncom um oxi de,

zirconiumsilicon o titani um oxi de, tantalum oxide, bariumstrontium
oxi do. a1 RIS bﬁ*rth%' IS e EBBALR 2 naibBER ddfhls 38 bt BT i ouitll T
a1 U nain Al hﬁe‘gc“g'&aé%%ﬁﬁéﬁbéq‘iﬂ‘% %sa“‘@fgv”%}%“naﬁé\?ﬁaqezééeei%t#?ﬁ%éee Gsed o
be. mmde. fraesmAr AR BAFEHES, BRLNeJEYaRion ey briBrstges I nt'ngﬁia%'ﬁ' e
al um nide, fromwhich the NMOS netal gate electrode is made, is an ordered

i nt er net althae thasegxpressly desanibed Aefean entign is fbus pat lmt%i/bxam ers from

the atom c arrangenent of conventional netal alloys. Unlike conventi onal
al um num aspesific details disdlosdédbelowons i n an al um ni de are arranged
periodically, fornmng a superlattice crystal structure, when maintained
bel ow the critiQre edbodintentiofithe prepemtdnvention\dbmprisesjadiightktgate onvent i onal
al uni num al | oys,

10 dielectric upon which is formed an NMOS metal gate electrode that comprises an

aluminide. The high-k gate dielectric may comprise hafnium oxide, hafnium
silicon oxide, lanthanum oxide, lanthanum aluminum oxide, zirconium oxide,
zirconium silicon oxide, titanium oxide, tantalum oxide, barium strontium titanium
oxide, barium titanium oxide, strontium titanium oxide, yttrium oxide, aluminum

15 oxide, lead scandium tantalum oxide, and lead zinc niobate. Particularly preferred
are hafnium oxide, zirconium oxide, and aluminum oxide. Although a few
examples of materials that may be used to form such a high-k gate dielectric are
described here, that dielectric may be made from other materials that serve to
reduce gate leakage.

20 The aluminide, from which the NMOS metal gate electrode is made, is an
ordered intermetallic alloy. The atomic arrangement of such an alloy differs from
the atomic arrangement of conventional metal alloys. Unlike conventional
aluminum alloys, the alloying atoms in an aluminide are arranged periodically,
forming a superlattice crystal structure, when maintained below the critical

25 ordering temperature. When compared to conventional aluminum alloys,
2



2 WD 2006/ 019675 PCTI US2005/ 024489 al um ni des may show enhanced structural
stability and resistance to high tenperature deformation. In preferred
enbodi ments of the sem conductor device of the present invention, the

al um ni de h%&gﬁ&oﬁ%p%i tion MAly in which Mis a traniif:i)’é!g%g?/&“r%ét al, and

the ratio of X to y represents the relative atom c perce

transition netal to the alumnumthat is contained in the alum nide.

Alum nides wth that conposition nmay, for exanple, include zirconium

t ungst en, thmiaidesmayhsifow emhartcetiastriucturalstability Bad resistasce tohighet al s t hat
yield a conposition with the desired workfunction and thermal stability,
when conbi tdperatune defommation. The 10 al um ni de included in the sem conductor
of the present invention nay also include nultiple transition netals that

are bound wi t hi f, RofRAY ¢rbAIRRNR Ytha seffdonalitop dblibh of afb dedehmum al | oy,

e.g., an alloy that includes alum numdoped with relatively s I

mal
quantities ir%nﬁ&%‘?ﬂe aru.ng@geq%% °¥@?§g‘ﬁ§ﬁﬂﬂéb‘§ ir§ ﬁ/gﬂ?h% ié\'%n@ﬁﬁ)@: gate

el ectrode, suc "'um ni pre conmposition Aly,
wher ei ngx | e . i nd_4 rti rly
prefer rgd 5?%%1 %ﬁ{\%@% %86%%3? gggRﬁéé%ﬁ‘#é@fev@i{‘]*eg‘@\“ge?"PSE@Ei‘ﬁ?}'?ﬁde Zr Al ,
ZrAl 2, ZrAl 3, VA4, TaAl Al -Ti A, TiAl2, Ti Al3, and Ti 3Al .. . The
resul ti ng%ﬁﬁﬁg\@%%talgﬁtt@ lé'fll’gﬂ'?‘ma@latr’rﬁW'ﬁQ\'ﬂ@dén\t/!l?rﬁlf’mfj?oé‘“{rﬂ'&{d%s | ess
than 4.3 eV, and that | s preferably between about 3.9 eV and about 4.3 eV,
and 20 nor é"tbrt@@té%ogtﬂ%'twt%bﬁob plg, ipclude Ziseoniumu tungstens tantaiyen. a| uni ni de,
fromwhich the NMXS netal gate electrode is formed, should be thick enough
to ensure hamiunitanigmeandlothentransition metalgithat yield a eorgpositionwithyhe npact its
wor kf unction. Preferably, such an alum nide is between about 20 angstrons
and about 2eSitsl workfurvotion ankithérmal sthbility, vhnedamizibed with aluminum. The
10 aluminide included in the semiconductor of the present invention may also include
multiple transition metals that are bound within a superlattice crystal structure with
an aluminum alloy, e.g., an alloy that includes aluminum doped with relatively
small quantities of boron or magnesium.
When used to form an NMOS metal gate electrode, such aluminides
15 preferably have the composition M,Aly, wherein x is between 1 and 4 and y is
between 1 and 4. Particularly preferred aluminides for making NMOS metal gate
electrodes include ZrAl, ZrAl,, ZrAls, WA, TaAl, HfAl, TiAl, TiAly, TiAls, and TisAl.
The resulting NMOS metal gate electrode may have a workfunction that is less
than 4.3 eV, and that is preferably between about 3.9 eV and about 4.3 eV, and
20 more preferably between about 4.0 eV and about 4.2 eV.
The aluminide, from which the NMOS metal gate electrode is formed,
should be thick enough to ensure that any material formed on it will not

significantly impact its workfunction. Preferably, such an aluminide is between

about 20 angstroms and about 2,000 angstroms thick, and more preferably is



3 WD 2006/ 019675 PCT/ US2005/ 024489 between about 100 angstrons and about
300 angstrons thick. Such an NMOS netal gate electrode preferably is
thermal |y stable at 400C. Wien the sem conductor of the present invention is

a CMOS devi Ciﬁ’%ﬂ{lﬁtf%ﬁé, i nclude a PMOS netal gate el ectrode, which does not

conpri se an™, in 5 addition to the NMOS net al g%qgugogséqzﬂg&e, whi ch

does conprise an alumnide. Such a PMOS netal gate el ectrode may be forned
on a high-k gate dielectric, and nay conprise a p-type netal such as
r ut heni um betedeeadibout 1¢0 angstroms and aboyt 300i anigstromsrthisk c Sudh@n NMQ&et al
oxi de, e.g., ruthenium oxide. Al though a few exanples of netals that may be

used to fomatyghiadsleomwddd preforably isithermialy stablecht@OPEr e, such | ayers nmay be
made from many other materials. Wien used to forma PMOS netal gate

el ectrode, suchypeh¥Resémicahauctdf 6f At présent AvenBon & CMOS ideRiceinays
bet ween about 4.9 eV and about 5.2 eV. They are preferably between about 20

about | 100 O e B B, A o N TR AR, e
[0 ek 9ol s, AR gl AR, wlch gt e Bl 2, ok
embodi rment SUF 3 PP IBRIAL ARt iR matoe Flithane B o iR g ARleR: he 20
oy <ol 8 oo R R SR G bR, T
structure includes first part 101 and second part 102 of substrate 100.
| sol ati on nickeji ona conduntive matakoxXide, £:9.peuthenign oxidem Althasigh pfew 102. First
polysilicon layer 104 is fornmed on dielectric |ayer 105, and second
pol ysi | i coexdraples of O@tals thaimnaydbe used to form p-type metal layers are described
10 here, such layers may be made from many.other materials.
When used to form a PMOS metal gate electrode, such p-type metals
preferably have a workfunction that is between about 4.9 eV and about 5.2 eV.
. They are preferably between about 20 angstroms and about 2,000 angstroms
thick, and are more preferably between about 100 angstroms and about 300
15  angstroms thick. Like the aluminides for making the NMOS metal gate electrode,
the p-type metals used to make the PMOS metal gate electrode should be
thermally stable at 400°C.
Figures 1a-1i illustrate structures that may be formed, when carrying out an
embodiment of a replacement gate method that may be used to make the
20 semiconductor device of the present invention. Figure 1a represents an
intermediate structure that may be formed when making a CMOS device. That
structure includes first part 101 and second part 102 of substrate 100. Isolation
region 103 separates first part 101 from second part 102. First polysilicon layer

104 is formed on dielectric layer 105, and second polysilicon layer 106 is formed

25 ondielectric layer 107. First polysilicon layer 104 is bracketed by sidewall spacers
4



25 on dielectric layer 107. First polysilicon layer 104 is bracketed by
sidewal | spacers 4 WO 2006/019675 PCTI US2005/ 024489 108 and 109, and
second polysilicon |ayer 106 is bracketed by sidewall spacers 110 and 111.

Dielectric W P 611;@7 separates layers 104 and 106. Sm“%ﬁ‘*@ﬁ@%ﬂ%

conprise any nateri 4P t hat may serve as a foundation

sem conduct or device may be built. Isolation region 103 may 5 conpri se

silicon dioxide, or other materials that may separate the transistor's

active regil08and 08| and secondxyalysilicob3ayerd 0609 branketedddy sidewall spacars i con
di oxide, or other materials that may insulate the substrate from ot her

subst ances 110 antNi1s. Dieleowiicriayyr,11Risephrates layets t0#nandye6. 104 i s doped
n-type, and second polysilicon layer 106 is doped p-type. First and second

pol ysi li con | aygisstiflé 180 ndyEorfipiiseldnypmakteianiin ndyosdrvd 86 aofadnddtiont 2, 000

angstrons thick, and preferably are between about 500 and about 1, 600

angst r o m}dp?ﬁng.c‘ﬁ%@fhfcoﬁﬁécto.le@wcémy G sLitt LSbigHoAlrBERAl tacagpr | se i i con

nitride, I el ectric layer may conprise ' 1Con dioxide or a | owk

‘o i?h;i GEneFaD éﬁ%‘%gm oKD E o aE Mttt el ﬁﬁ/ %Egﬁat@?k%n?ﬁ%‘ PRose ski 11 ed
in the art.

2 convent i BRAYE rEBREN &?'eﬁf.s'eﬁ”'f%abgéﬁfi brmg a%ﬁ@pe?%S?C%ofﬁﬁﬁ%B&e st

and second ponS|I|%§n | ayers, 104, and 106. t hough nob shown, Be figure
1a st ruct uPEOey matenals thatmay ipsyiate q‘@a?PQF@%te(f@"bo ex supstapges-ninthisge etch
stop layer, source and 20 drain regions, and one or nore buffer |ayers)

t hat may bGnTQerm@'\tuﬁ;l’IShQOWQIMNEHVGb 'Srﬂﬂﬁééils'&@e anksecongrrlysiie@ndr ai n
regions are formed using conventional ion inplantation and anneal

pf ocesses, layer 16§ iscdopekp-typel. & itsh ahdsecendhpolysilicesidayers 104 and 106 may

10  be between about 100 and about 2,000 angstroms thick, and preferably are
between about 500 and about 1,600 angstroms thick. Spacers 108, 109, 110, and
111 preferably comprise silicon nitride, while dielectric layer 112 may comprise
silicon dioxide or a low-k material.
Conventional process steps, materials, and equipment may be used to
15 generate the figure 1a structure, as will be apparent to those skilled in the art. As
shown, dielectric layer 112 may be polished back, e.g., via a conventional
chemical mechanical polishing (“CMP") step, to expose first and second
polysilicon layers 104 and 106. Although not shown, the figure 1a structure may
include many other features (e.g., a silicon.nitride etch stop layer, source and
20 drain regions, and one or more buffer layers) that may be formed using
conventional processes.
When source and drain regions are formed using conventional ion
implantation and anneal processes, it may be desirable to form a hard mask on
polysilicon layers 104 and 106 -- and an etch stop layer on the hard mask -- to

25 protect layers 104 and 106 when the source and drain regions are covered with a
5



polysilicon |layers 104 and 106 -- and an etch stop |ayer on the hard nmask --
to 25 protect |ayers 104 and 106 when the source and drain regions are
covered with a 5 WD 2006/ 019675 PCT/ US2005/ 024489 silicide. Such a hard

mask may CO{WHO& 01?&7%' con nitride. Such an etch stop !ay?éwg%gﬁj&g&pri se

silicon, an oxi g., silicon dioxide or hafnium diox car bi de
(e.q. S|I|con carbide). Such an etch stop layer and silicon nitride hard
mask nay be polished from 5 the surface of layers 104 and 106, when

di el ect ri csiliciger Sudt? aiharg oldskiveay cormprisensitieon nitrider Sudhl an etehesterlayed t hei r
purpose by that stage in the process. Figure 1 a represents a structure in
whi ch any haytomgsise Gilicohcdn oxide (¢.gy, siliconidioxidenenhdiaium dibeide),mreavi ousl y
formed on | ayers 104 and 106, has al ready been renoved from the surface of

those | ayegarbiddhery.| siiconadrpidept i on processes are used to form 10 the source
and drain regions, layers 104 and 106 nay be doped at the same time the

source and drai §ydPsnh efth s%&ld BPhAA SHiton ﬁﬁﬁcﬁnérarrﬁaélamrapfbef;sausﬁ&: fram

structure, first polysilicon | ayer 104 is renoved In & preferred
enbodi ngnt ) i on
that conpr InScafach Bt Byels 1688 36 Wingii @féfﬁi% ahet A8 ALY il |
vol unme for,a suf at asuffl t ure t
substanti a|qy9rs ‘%{'F |“325‘F SFWQ%%RUWQFH&% g‘g p?é%ﬁ’ﬁsf i'p%WF@aﬁmunt of
second polysilicon | . hat exp
dosi rabl o 1RPrRssIy AsOEkre Ropkish 2y 4arg F@ab@ﬁ@fﬁiﬁt%iwgéﬁh@%mﬁvy R&Yekiy and
about 2,000 KHz, while dissipating at et ween about 1 and about 10
wat t s/ cn. been afevmlwfpemeq! pn rl.aw@é%@ngsﬂuoﬁp banalpeadyean rempved fegdut 1, 350
angstroms thick, it may be renoved by ex[)an sing it at about 25C for about 30
ni nutes tothe wweuoémqmdaymnwwe@namo tatenprocesses aserwsed tovfampdr oxi de by
vol une i n deionized water, while applying sonic energy
10 the source and drain regions, layers 104 and 106 may be doped at the same time
the source and drain regions are implanted.
After forming the figure 1a structure, first polysilicon layer 104 is removed.
In a preferred embodiment, that fayer is removed by exposing it to an aqueous
solution that comprises between about 2% and about 30% ammonium hydroxide
15 by volume for a sufficient time at a sufficient temperature to remove substantially
all of layer 104 without removing a significant amount of second polysilicon layer
106. During that exposure step, it may be desirable to apply sonic energy ata
frequency of between about 10 KHz and about 2,000 KHz, while dissipating at
between about 1 and about 10 watts/cm?. As an example, if n-type polysilicon
20 layer 104 is about 1,350 angstroms thick, it may be removed by exposing it at
about 25°C for about 30 minutes to a solution that comprises about 15 percent
ammonium hydroxide by volume in deionized water, while applying sonic energy
at about 1,000 KHz -- dissipating at about 5 watts/cm?.

After rémoving first polysilicon layer 104, dielectric layer 105 is removed.

25  When dielectric layer 105 comprises silicon dioxide, it may be removed using an
6



at about 1,000 KHz -- dissipating at about 5 watts/cnR. After renoving first
polysilicon |ayer 104, dielectric layer 105 is renoved. 25 Wen dielectric
| ayer 105 conprises silicon dioxide, it my be renoved using an 6 WO
20061019675 _PCTI %522 5/ 024489 etch process that is selective for silicon

di oxi de. Su¥RZAWP&0H process may conprise exposing | ayerYUBYB48 ol uti on
that includes about 1 percent HF in deionized water. The tinme |layer 105 is
exposed should be Iimted, as the etch process for renoving that |ayer may
al so renovetcpprdces$ thtitds selective foagiicorididxideV iSuch anhetth processdanay f a 1
percent HF based solution is used to renove | ayer 105, the device

pr ef er abl ycaihsrideceXpositignagerd 05ctotansdlution that inoluties abesis1 perentHBun 60
seconds, and nore preferably for about 30 seconds or less. As shown in

figure 1 imiodigsdWaterofrnitRhemyver 805 &Y/&ipot® sholldbetlintittd) as te vichhi n
dielectric layer 112 positioned between sidewall spacers 108 and 109. 10

After renmy B%ﬁsdfé)ﬁl'@rﬁé\r/ih .tti?ﬁfer% al8h %&&%fgﬂ#@&ﬁj laGerifa. Wihch may

conpri se one e material s 'specified ove, or e thin trench 113
and on . s | 10Q., Hi gh- i | Lprd,qQn substrate
100 usithg Hat el A:HEbea P Bafed sPMERAIR Gt G ERO AR BR ST &)
process. In such rocess, a mnetal oxide precursor (e.qd., t al
chl ori de) %Y&%Prggerf?ﬁlﬂf BH%ftéede’éﬁosfg tggpg@?@iio? hﬁ??sa{heggﬁng C\VD react or,
which is then operated at a selected tenperature and pressure to generate
an at omi ca$acpndsAndimprg ieferablyfat skt 305868nd%eres®oAs $HOWNJR figuigat e
dielectric 115. The CVD reactor should be oger ated | ong enough to forma
di el ect ri c1miremovaleofdhigiectda layer 4R s trenaokh3 widhip dielegtrio fayer Aldh- k gat e
dielectric 115 should be | ess than about 60 angstrons 20 thick, and nore
pr ef er abl ypdsitionedrbedWeen silewal spacers 188c@ndbl®%t 40 angstrons thick.
10 After removing dielectric layer 105, high-k gate dielectric 115, which may
comprise one of the materials specified above, is formed within trench 113 and on
substrate 100. High-k gate dielectric 115 may be formed on substrate 100 using a
conventional atomic layer chemical vapor deposition (“CVD”) process. In such a
process, a metal oxide precursor (e.g., a metal chloride) and steam may be fed at
15 selected flow rates into a CVD reactor, which is then operated at a selected
temperature and pressure to generate an atomically smooth interface between
substrate 100 and high-k gate dielectric 115. The CVD reactor should be
operated long enough to form a dielectric with the desired thickness. In most
applications, high-k gate dielectric 115 should be less than about 60 angstroms
20 thick, and more preferably between about 5 angstroms and about 40 angstroms
thick.
As shown in figure 1¢, when an atomic layer CVD process is used to form
high-k gate dielectric 115, that dielectric will form on the sides of trench 113 in

addition to forming on the bottom of that trench, and will form on dielectric layer

25 112. If high-k gate dielectric 115 comprises an oxide, it may manifest oxygen
7



As shown in figure 1 ¢, when an atomc | ayer CVD process |Is used to form
hi gh-k gate dielectric 115, that dielectric will formon the sides of trench
113 in addition to form ng on the bottomof that trench, and will form on

dielectric 12. If high-k gate dielectric 115 c | oxi de,
it may rrani*@}slzt%%(éggén 7 W0 2006/ 019675 PCT/ US2005/ 024450 UARIRER S ot

random surface sites and unacceptable inpurity |evels, depending upon the
process used to nake it. After dielectric 115 is deposited, it may be

desi r abl e vacangies\at rangam suiface sitesrandunacgeptabletimpurityalevelsodepending: it to
generate a dielectric with a nearly idealized netal:oxygen stoichionetry. 5
To renove upgruthetprosessruseditoghake it aAftleddieleetricr1i16 id dBpasited, it magbease t hat
dielectric's oxygen content, high-k gate dielectric 115 nay be exposed to an

agueous solgHifadle fovemoveninpuritiededmerat diloctric 28nhdiecoxidige it t8@enbsate agen
peroxi de by volune. In a particularly preferred enbodi nent, high-k gate

di el ectriC?ieibleﬁidwnreérh@aﬂglidéanféu M.%@%é?%téfchwﬂnétﬁﬁt contains about 6.7%
H202 by volunme 10 for about 10 mnutes at a tenperat'ure of about 25C. During

that exposure ﬁ&quo%%%ﬁ%&i% &r%ﬁfiéibﬁ-gél iagé Qieetitie/ 1 ?f?gh& t§ ﬂ%’r&é(seath?t’"

frequency of abou I pat1 ng at out watts/cn2. In
the illustry . @ ' AN Ly 1SS lrectly on
hi gh-k gat GRetic BN htert @@ﬁ'&@‘%dte#?ﬁ bf#@‘aﬁ’g SRt BR°L L eon gh- k
gate 15 dielectric, 115, part af first tal Jlayer 11 iLbnes trench 113 while
Dart of ¢ hatuECyp SR RE slPs bhbpem bonk 235 agait 30% FYaGoRRG cat od
above, first netal layer 116 conprises an alum nide, preferably one with
the conposPeiosidentyaoluma. Jihapartiauiaslypreferrgd ambesiimeat. Afgh-ksgate dislestrieni ni de
may be formed on high-k gate dielectric 115 using a conventional physical
vapor depo$i’ Iseexposeyy an paueeysssolutionsthehcentaios gbouts.< % HaOaby yglume get (or
multiple pure targets) may be sputtered onto high-k
10 for about 10 minutes at a temperature of about 25°C. During that exposure step,

it may be desirable to apply sonic energy at a frequency of about 1,000 KHz, while

dissipating at about 5 watts/cm?.

In the illustrated embodiment, first metal layer 116 is formed directly on

high-k gate dielectric 115 to generate the figure 1d structure. Like high-k gate
15 dielectric 115, part of first metal layer 116 lines trench 113 while part of that layer

spills over onto dielectric layer 112. As indicated above, first metal layer 116

comprises an aluminide, preferably one with the composition M,Aly in which M is a

transition metal. Such an aluminide may be formed on high-k gate dielectric 115

using a conventional physical vapor deposition (“PVD") process. In such a
20 process, an alloy target (or multiple pure targets) may be sputtered onto high-k

gate dielectric 115. Alternatively, an aluminide may be formed using a CVD

process that employs multiple precursors. In addition, nanolaminate techniques

(which rely upon PVD, CVD, or atomic layer CVD processes) may be used to

alternately deposit ultra-thin aluminum and transition metal layers, which will

25 crystallize in the desired manner to form aluminide 116.
8



gate dielectric 115. Alternatively, an alumnide may be forned using a CVD
process that enploys multiple precursors. In addition, nanol am nate

techni ques (which rely upon PVD, CVD, or atomi c |ayer CVD processes) my be
used to alternately deposit ultra-thin alum numand transition netal

| ayers, whi 89 Wq’qwég crystallize in the desired manner POUPRAOPVRMIK ni de
116. 8 WD-"2006/ 019675 PCT/ US2005/024489 In this enbodi nent, after formng
first netal layer 116 on high-k gate dielectric 115, second netal |ayer 121

is formed on filnshiseeibddimente aftédformingdivstinetziblager | $ on hightk gatd s t he
remai nder of trench 113 and covers dielectric layer 112, as illustrated in

figure |e.digResiRd 15 tetondmetal kakr P2 eisforhbd ondMStTheEIayeM @r Betorid t hat may
be easily polished, and preferably is deposited over the entire device

using a copyeiidyepabq fed gig RPRASdEric? reREP S €3 and %BQ&s%iélbbt'ricWél‘P 108y

conprise titanfumnitri tungsten, titanium alum num tantalum tantalum
nitride, c , | r t | shed
and that e nesirstef BEREe . FRinatheBlieyel LY offerabiceiorl 4 Ralal SV
nmetal |aye 16, first nmetal layer 116 10 preferaply i ween.about 20
angst roﬁs @ﬁémé’ﬁ&&eaédb pgh%ge[c* Bﬁi pﬁj‘f @P}y '3#8"%‘&"?‘@0%‘7’&?%?%'] S et ween
about 25 angstrons and about 200 angstrom; ':Tgi ck. Wen a fill netal does
not cover W¥@AGopLentogal metal deppdiion peocsssnPHERA fillpelgl MaYICPMAMSes ¢ rench
113, first netal |ayer 116 may be up to 2,000 angstrons thick. As nmentioned
above, fi rtitaniygt aifridesjungsters tiggniyna, Auminum,dantalispidantatymaviride, gabalt, i s

bet ween about 3.9 eV and about 4.3 eV. After formng the figure le

st ruct ur e, cappepmickebtarlanynther metal that may beepelished apdithatireay satisfactgriyk gat e
dielectric 115 are renoved from above dielectric layer 112 to generate the
fligure If fittrershut€3. WhehR fill mptaireyvers fieghphétaldayer 116 fivst méthidagemkeer i al s

from above dielectric layer 112. Aternatively, a CMP step may be
10 preferably is between about 20 angstroms and about 300 angstroms thick, and
more preferably is between about 25 angstroms and about 200 angstroms thick.
When a fill metal does not cover aluminide 116, e.g., when the aluminide
completel.y fills trench 113, first metal layer 116 may be up to 2,000 angstroms
thick. As mentioned above, first metal layer 116 preferably has a workfunction
15 thatis between about 3.9 eV and about 4.3 eV.
After forming the figure 1e structure, second metal layer 121, first metal
layer 116, and high-k gate dielectric 115 are removed from above dielectric layer
112 to generate the figure 1f structure. A CMP step may be applied to remove
those materials from above dielectric layer 112. Alternatively, a CMP step may be
20 used to remove second metal layer 121, while a subsequent dry etch step (and,
optionally, an additional wet etch step) is applied to remove first metal layer 116
and high-k gate dielectric 115 from above dielectric layer 112.
After second metal layer 121, first metal layer 116 and high-k gate dielectric

115 are removed from above dielectric layer 112, p-type polysilicon layer 106 is

25 removed. Layer 106 may be removed selectively to second metal layer 121 by
9



20 used to renove second netal layer 121, while a subsequent dry etch step
(and, optionally, an additional wet etch step) is applied to renpove first
netal layer 116 and high-k gate dielectric 115 from above dielectric |ayer

112. After con al layer 121, first nmetal |ayer 116 hi gh-k gate
dielectric a'?’fg(m&l@rgg’?#ermved from above dielectric |ayer ¢ ,SZBQS?V 80

polysilicon layer 106 is 25 renoved. Layer 106 may be renoved sel ectively
to second netal layer 121 by 9 WO 2006/ 019675 PCT/ US2005/ 024489 exposing it
t o a sol ut éxposirgget toca splutise that eompeiseabetweepGbanti2@lbadtabd0t pepement TMAH by
vol une in deionized water for a sufficient time at a sufficient tenperature
(e.g., betverH ypoolumedl defohizddonted ik, sufficiént tinppbt/a soffisientc  energy. 5
After renoving second polysilicon |ayer 106, dielectric layer 107 is

renoved, eiefhperdire!d.g9 bbiveerdBoub 60T aAd hbalt 9BE) Wskifk é@plyiﬂ?@éﬂicdi el ectric
| ayer 105. Renoving dielectric |layer 107 generates trench 114, as figure 1g

i Il ustrateguarglol | OW ng the removal of that dielectric layer, high-k gate
dielectric '119 is formed within trench 114 and onto dielectric layer 112.

The sane proces t s : A hiah- te dielectric
115 may® b used e BRRYR skt Bt Y3t foo digBbfb iyt 10798 £ i ot
third nmetal layer 12Q is_.then deposited an high-k gate dielectric 117.
Thi rd ot alemaRar e S igng Bk F758 pisress et s seg 8 remeke et BveT e
above, and may_be forned on, higeh- k_gate dielectric 117 usi ngﬂa 15
convent i ona¥S-PReMoving\dieiseticdayer 107 qeneeatenershb it as figure 1gdiustratesyer 120
preferably is between about 20 angstrons and about 300 angstroms thick, and
nor e pr ef eFallawing theoemesah obthat dielestrialgyer: bigh-aertediRiaetricdd 7ds fprmedns t hi ck.
Third nmetal |ayer 120 may have a workfunction that is between about 4.9 eV
and within trench 114 and onto dielectric layer 112. The same process steps and
10 materials used to form high-k gate dielectric 115 may be used to form high-k gate
dielectric 117.
In this embodiment, third metal layer 120 is then deposited on high-k gate
dielectric 117. Third metal layer 120 may comprise one of the p-type metals
identified above, and may be formed on high-k gate dielectric 117 using a
15 conventional PVD or CVD process. In this.embodiment, third metal layer 120
preferably is between about 20 angstroms and about 300 angstroms thick, and
more preferably is between about 25 angstroms and about 200 angstroms thick.
Third metal layer 120 may have a workfunction that is between about 4.9 eV and
about 5.2 eV.
20 After forming third metal layer 120 on high-k gate dielectric 117, fourth
metal layer 118, e.g., a second fill metal, may be formed on third metal layer 120
to generate the figure 1h structure. The same process steps and materials used
to form second metal layer 121 may be used to form fourth metal layer 118. The

portions of fourth metal layer 118, third metal layer 120 and high-k gate dielectric

25 117 that cover dielectric layer 112 may then be removed to generate the figure 1i
10



about 5.2 eV. 20 After formng third netal |ayer 120 on high-k gate
dielectric 117, fourth netal |ayer 118, e.g., a second fill netal, may be
formed on third nmetal layer 120 to generate the figure 1h structure. The
sanme process, .S d materials used to formsecond netal |ayer 121 may be
used to forﬁﬁofzt()g‘?flﬂ&ﬁet al layer 118. The portions of foﬂ&’ﬁs Y48 ayer
118, third netal |ayer 120 and high-k gate dielectric 25 117 that cover
dielectric layer 112 nmay then be renoved to generate the figure 1 i 10 WO
2006/ 01967 StrirdimelUE0SA10e 08B andiar gichusteps Used toanemaVeHirsinfill metakd2h, st eps
used to renmove first fill metal 121, alumnide 116 and high-k gate

di el ect ri caluirinitie drr6anaMeghtkejate tielecticay s frarhZaboeg didlectrie dayerd 12emayve second
fill metal 118, third nmetal |ayer 120 and high-k gate dielectric 117 from

above di el pelused td rarRdvelddoond fififrhétal 1 EBTRNIFd ghetal layieh 128tamd Higlv-R'gald 8, third
netal | ayer 120 and high-k gate dielectric 117 from above dielectric |ayer

112, a capgjeltts ﬂﬁﬁbﬂébdv@%ﬁéleétﬂ@ﬁaglﬁgﬁwm may be deposited onto the

resulting structure using a conventi deposition process. Process steps

for| SOl et i na After Vi follth htel @il 1, ufiRRRBI 198r 450 sielhugh -k 3R "0

di el ectric |ayer, e. vi ce"s contac

i nt erconnegt nd Lvation,laver, ar | _kn .to.thpse skilled in the
art and \Aﬁllefecﬁ'!ﬁ1ﬁéﬁé@s%qvgeqielﬁépg}ayﬁﬁ?gg%%%ﬁ%\’\@{eiqct%%y%fw t he present
i nvention includes an NMOS tal gate el ectrode that has a workfunction
that is beBBRW .@a@ed?@qs onte thg FRSUIDO| Sfructurg juging:a genpentiaialh, a net al

gate el ectrode may provide an NMOS 15 transistor with structural and
t enper at ur depesitian progess. oPeacess steprder campleting thegdgvicehat follew the gh vol une
manuf acturi ng of sem conductor devices. Although the foregoing description
h@s speci f deplosition afl suchea eapping dietestriatayer, e.g., forming the device's contacts,
10 metal interconnect, and passivation layer, are well known to those skilled in the art
and will not be described here.
The semiconductor device of the present invention includes an NMOS
metal gate electrode that has a workfunction that is below 4.3 eV and that is
thermally stable at 400°C. Such a metal gate electrode may provide an NMOS
15 transistor with structural and temperature stability properties that render it suitable
for high volume manufacturing of semiconductor devices.
Although the foregoing description has specified certain materials that may
be used to create the semiconductor device of the present invention, those skilled
in the art will appreciate that many modifications and substitutions may be made.
20 Accordingly, it is intended that all such modifications, alterations, substitutions and

additions be considered to fall within the spirit and scope of the invention as

defined by the appended claims.

11



be used to create the sem conductor device of the present invention, those
skilled in the art will appreciate that many nodifications and
substitutions nmay be nade, 20 Accordingly, it is intended that all such
nodi fications, alterations, substitutions and additions be considered to
fall within the spirit and scope of the invention as defined by the
appended clains. 11 IN THE CLAIMS 1. A sem conductor device conprising:. a
hi gh-k gate dielectric that conprises a material selected fromthe group
consi sting of hafnium oxide, hafniumsilicon oxide, |anthanum oxide,

| ant hanumINJHECUARMS i de, zirconi um oxi de, zirconiumsilicon oxide,
titanium oxide, tantalum oxide, bariumstrontiumtitani um oxide, barium
titani um oxide, strontiumtitani umoxide, yttrium oxide, alum num oxide,

| ead scandi um hasindodduddxd ddeice @dptisagl zi nc ni obate; a netal gate el ectrode,
which is formed on the gate dielectric, that conprises an. alumnide with
the conpositiof INgEkveapetidealic Shat eomprises jdmatgstah selegied Hom; the g&uRI t hat

is for ”E‘dc&&ishpg & Hmnﬂjnsieoxi&?e, fqmuﬁle '1§é89d65&§]&r1a%¥ﬁ&§ Hid&! ahml%rxmerei nMm
conpri ses an e ment that 1Is sel ecte romt é group COI’ISIétI ng o
zi r coni umalutrumges tosxile, tzandrahimnexide faricompmasiticort pxide, tamiuth oXhle, smtalwonduct or

device of cl.aim.1l wherein the nmetal gate el ectrode has a workfunction that
(s | ess t RSHSABGHM Hontiug taprunt 6 ide SAUBHADHB X, SERt M HPRIIFR Sidher ei n

the netal ygaim oldecdlt@tRin Sxidd, Nt TBdrdYinstaatilien 8%id4AAd feadZinchilBS

sem conduct or device conprising: a high-k gate dielectric that conprises a
mat eri al sel ece awtdl ot aléntrode.onipich dofesined pmgheagathdietectrin 81t demprises edni um
oxi de, anglu?nlir% QAR éogr%osition MAly where M is a transition metal, and

a fill metal that is formed on the aluminide.

2. The semiconductor device of claim 1 wherein M comprises an element that is
selected from the group consisting of zirconium, tungsten, tantalum, hafnium, and

titanium.

3. The semiconductor device of claim 1 wherein the metal gate electrode has a

workfunction that is less than about 4.3 eV,

4, The semiconductor device of claim 1 wherein the metal gate electrode is

thermally stable at 400° C.

5. A CMOS semiconductor device comprising:

a high-k gate dielectric that comprises a material selected from the group
consisting of hafnium oxide, zirconium oxide, and aluminum oxide;

an NMOS metal gate electrode that comprises an aluminide with the composition
MAly in which M comprises an element selected from the group consisting of zirconium,
tungsten, tantalum, hafnium, and titanium, and a fill metal that is formed on the alumide;

and

12



an NMOS netal gate el ectrode that conprises an alum nide with the
conposition MAIY in which Mconprises an el enent selected fromthe group
consisting of zirconium tungsten, tantalum hafnium and titanium and a
fill metal that is formed on the alumde; and 12 a PMOS netal gate

el ectrode that conprises a material selected fromthe group consisiting of
rut henium palladium platinum cobalt, nickel, and a conductive netal

oxi de. 6. The CMOS sem conductor device of claim5 wherein the NMOS net al
gate electrode has a workfunction that is between about 3.9 eV and about
4.3 eV, and t he PMOfOBetdtgate ¢attmdetient icomgesdsasmaterialr defagtedt fram thdgtoup s

bet ween about .4.9 eV and abo .5.2.eV. 7. The sem conduct or devi ce of
oTal Tl o faisiie orehrns Glladiyd, i um ot ke R & SRR et | <
between | ogad 4 and y is between 1 and 4. 8. The CMOS sem conductor device

of claim7 wherein the alumnide is selected fromthe group consisting of
ZrAl, ZrAl 2, ZrAl 3, WAI4, TaAl, H A, TiA, TiAl2, TiAI3, and Ti3A . 9. The

CME ‘sem %P“d“%éﬂcﬂép! &fid] dﬁ&@# H%%é“‘d?%%‘i.ﬁ g K!@Jéill. 'thé*%ﬁ\s’i‘byl%etﬁle' sgted
fromthe group consisting of ‘trtant uni ni £ri e, tungsten, tI anlunﬁ al um num
t ant al um elettasdectiasra Wotkfirteion cledrds betweoppbsut 2N @Vninkkgdout 43. e WhandGES

sem conductor device of claim5 wherein: the high-k gate dielectrjc is
formed usPAPImeR garclockpds hanmwoadhngligp dhat depeeren abput fr%elead abeiti s

bet ween aRoyly 5 angstrons and about 40 angstronms thick, and the alumnide is
bet ween about 100 angstrons and about 300 angstrons thick. 11. The CMOS

sem conduct or device of claim5 wherein both the NMOS netal gate el ectrode

and the PIyF)S mﬂléa lCl\gagese%ligocr{[dL&gre dg\cige to}t]ectiarlrr%l gyw}i:trgrt? Itﬁe %tluréi(r)l%e%as the

composition MAl, in which, x is between 1 and 4 and y is between 1 and 4.

8. The CMOS semiconductor device of claim 7 wherein the aluminide is selected
from the group consisting of ZrAl, ZrAl,, ZrAl;, WAl TaAl, HfAIL, TiAl TiAl,, TiAl,
and Ti:AlL

9. The CMOS semiconductor device of claim 5 wherein the fill metal is selected
from the group consisting of titanium nitride, tungsten, titanium, aluminum, tantalum,

tantalum nitride, cobalt, copper, and nickel.

10.  The CMOS semiconductor device of claim 5 wherein:
the high-k gate dielectric is formed using an atomic layer chemical vapor deposition
process and is between about 5 angstroms and about 40 angstroms thick, and

the aluminide is between about 100 angstroms and about 300 angstroms thick.

I[1.  The CMOS semiconductor device of claim 5 wherein both the NMOS metal gate
electrode and the PMOS metal gate electrode are thermally stable at 400° C.

12. A semiconductor device comprising:

a high-k gate dielectric that comprises a material selected from the group

consisting of hafnium oxide, hafnium silicon oxide, lanthanum oxide, lanthanumr

13



12. A sem conductor device conprising: a high-k gate dielectric that
conprises a material selected fromthe group consisting of hafnium oxide,
haf ni um si li con oxi de, |anthanum oxi de, |anthanum 13 al um num oxi de,

zi rconi um oxi de, zirconiumsilicon oxide, titaniumoxide, tantalum oxide,
barium strontiumtitani umoxide, bariumtitani umoxide, strontiumtitani um
oxide, yttrium oxide, alum num oxide, |ead scandiumtantal um oxide, and

| ead zi nc niobate; and an NMOS netal gate el ectrode that conprises an

alum nide with the conposition MXAIY, wherein Mis a transition nmetal that
i s sel ect elmfimuymaxfs, grrwmumocrrsdestmwgmgm siiforc oxidentitanivmy oK, tantahtral um
titanium _and hafni onduct or. eV| e of cI .m.12 wherein the
a1 un i e °F 06 AR Wi SETAPEBELRLpARGE soqefi b b ML D &

TaAl, andyttfivh oxiﬂé alfﬁhﬁluﬁﬁdﬂl@@MUGEamﬂuﬂth@ﬁmOf)mdé aintlehd zidciédaes: asdnpri si ng
a fi II metal that_is forned on the alumnjde. 15. The sem conduct.or device
of claim 14, whENMGS metal gpieielerpdy thacamprises aelpmignde with the OmPosHiAgi st i ng

of titani ngm WHeflSn MHE‘QS& ,tlohlrh?tgr 4l 8 S JAUFD mt %?J)&mo&s?sﬁhgl

nitride, ar copper, ni cke e sem conduc devi ce o? claim
12, wher ezincdnhan I\I!mtenettaaﬂahgattmamdm,canddndmlumas a workfunction that is

bet ween about 3.9 eV and about 4.3 eV, and is thermally stable at 400 C

17. A sem conductor device conprising: a high-k gate dielectric, wherein the

hi gh-k gatie di ehesdmiténdudtof QIR UHIMY 28WherdinQR? Slulnivis 1sCsQl%B@e§ﬁIothﬂ90f
deposition process and is between about 5 angstrons and about 40 angstrons

t hi ck; anéroan chmisngef &rAly4ralhefrédt Wotle Tafd:t anddiidrli ses an al uninide with the
conposition MXAIY in which Mis a transition nmetal, wherein the al um nide
i s between about 100

14.  The semiconductor device of claim 12, further comprising a fill metal that is

formed on the aluminide.

15.  The semiconductor device of claim 14, wherein the fill metal is selected from the
group consisting of titanium nitride, tungsten, titanium, aluminum, tantalum, tantalum

nitride, cobalt, copper, and nickel.

16.  The semiconductor device of claim 12, wherein the NMOS metal gate electrode
has a workfunction that is between about 3.9 eV and about 4.3 eV, and is thermally stable

at 400° C.

17. A semiconductor device comprising:

a high-k gate dielectric, wherein the high-k gate dielectric is formed using an
atomic layer chemical vapor deposition process and is between about 5 angstroms and
about 40 angstroms thick; and

an NMOS metal gate electrode that comprises an aluminide with the composition
M,Aly in which M is a transition metal, wherein the aluminide is between about 100

angstroms and about 300 angstroms thick.

18. The semiconductor device of claim 17 wherein:

14



angstrons and about 300 angstroms thick. 18. The sem conductor device of
claim17 wherein: 14 the high-k gate dielectric conprises a material that
is selected fromthe group consisting of hafnium oxide, hafniumsilicon

oxi de, | anthanum oxi de, |anthanum al um num oxi de, zirconi um oxi de,
zirconiumsilicon oxide, titaniumoxide, tantalum oxide, bariumstrontium
titani um oxide, bariumtitani umoxide, strontiumtitaniumoxide, yttrium
oxi de, al um num oxi de, |ead scandiumtantal um oxi de, and |ead zi nc ni obate;
and M conprises an elenent that is selected fromthe group consisting of
zirconi um tuthgdtignk gatendieleatmc doafpnisesma nzatefial itharis wehectdd frohéhesgoizonduct or

d f cl 17, h i.sing.,.a P I d h
does ot ORI T & T e, TeagTRACRE AR R BT G e BPUBIAT m 10,

wher ei n t ligmias osmfea&lrgcaﬁ@nedm rZxdeniu@osiR¢dns 66idé, fihiakd akidehahtalitn sel ect ed
fromthe group consisting of ruthenium palladiu pl ati num_ cobalt,
ni ckel , afdde baEHAFEPPYEN SEANHM gXidgaripm, “t?f‘H@né’é ee@fﬁﬂ\ﬁ‘@{‘btﬂta’é}é% eddesf ¢l ai m

19, - ur t it GORRIAL S Mo dide Tl 8Ll bS] SHEEdpOTDEHIIDE 22

The sem c for “devi ce of cfaim 1 erein fumoni
conposi tion MM gommlswharchleMentsthat ik seloged from th'etgedu,p oonsistirigedfimenniimand 4,
and y is between | and 23.  The. sem conductor device of claim17, V\/nerel n

the al umi Hing¥ers éa”éaéPrEclfaéc’a‘ufnr 8 YRRy oup consisting of ZrAl, ZrAl2, ZrAl 3,
WA14, TaAl, H A, TiA, TiAl 2, TiAl3, and Ti3Al. 24. A CMOS seni conduct or
devi ce conpri si ng a hi gh- k gate dielectric; an NMOS net al %ate el ectrode

t hat conprli9sesTansanigeridvcwe davige af claim Iffefugther tompusinpe RMOSaneied gitele,

wherein thl%ct%dlé%art"dge% nh?§or¥1{)]ref\seca%ryl)uorr§1ln¥dleon MXAI'y 1n which M

20.  The semiconductor device of claim [9, wherein the PMOS metal gate electrode
comprises a material that is selected from the group consisting of ruthenium, palladium,

platinum, cobalt, nickel, and a conductive metal oxide.

21.  The semiconductor device of claim 19, further comprising a fill metal that is

formed on the aluminide.

22. The semiconductor device of claim 17, wherein the aluminide has the
composition MAl, in which M is a transition metal, x is between 1 and 4, and y is

between 1 and 4.

23. The semiconductor device of claim 17, wherein the aluminide is selected from the

group consisting of ZrAl, ZrAl,, ZrAl;, WAly, TaAl, HfAl, TiAl, TiAl,, TiAls, and TisAl.

24. A CMOS semiconductor device comprising:

a high-k gate dielectric;

an NMOS metal gate electrode that comprises an aluminide and a fill metal
formed on the aluminide, wherein the aluminide has the composition MyAly in which M
is a transition metal, and wherein the NMOS metal gate electrode has a workfunction that

is between about 3.9 eV and about 4.3 eV, and

IN]



is atransition netal, and wherein the NMOS netal gate el ectrode has a

wor kfunction that is between about 3.9 eV and about 4.3 eV, and 15 a PMOS
netal gate el ectrode that does not conprise an alum nide, wherein the PMOS
netal gate el ectrode has a workfunction that is between about 4.9 eV and
about 5.2 eV. 25. The CMOS sem conductor device of claim?24 wherein the

al um ni de has the conposition MXAly in which x is between 1 and 4 and vy is
between 1 and 4. 26. The CMOS sem conduct or device of claim?24 wherein the
alumnide is selected fromthe group consisting of ZrAl, ZrAl 2, ZrAl 3,

WAl 4, TaAl, Hf APMOS% Adetal Tgad QﬁctfﬁdAltBa,t doamdot'lﬁoﬁmlrise 2n .aluhhieidEMaBersmnthe onduct or
devi ce of he fi net al

consi sti n@%& H%ﬁiﬁ?&%ﬂ?ﬁ??ﬁ’ h%g a WSH@{E‘EC@H“ tlfalt '%ﬁ‘?etﬂ'%:‘} E\ %4:'?3%& ‘gﬁ roup

t ant al um gixtgy de, cobalt, copper, and nickel. 16

25. The CMOS semiconductor device of claim 24 wherein the aluminide has the

composition MAl, in which x is between 1 and 4 and y is between 1 and 4.

26. The CMOS semiconductor device of claim 24 wherein the aluminide is selected
from the group consisting of ZrAl, ZrAl,, ZrAl;, WAl,, TaAl, HfAL TiAl, TiAl,, TiAls,
and TizAl

27.  The CMOS semiconductor device of claim 24, wherein the fill metal is selected

from the group consisting of titanium nitride, tungsten, titanium, aluminum, tantalum,

tantalum nitride, cobalt, copper, and nickel.
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