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BACKGROUND OF THE INVENTION

(1) FIELD OF THE INVENTION

The present invention relates to the
fabrication of integrated circuit devices, and more
particularly, to a method of fabricating dual-metal
transistors having different work functions in the

fabrication of integrated circuits.

(2) DESCRIPTION OF THE PRIOR ART

It is anticipated that a single metal gate
with mid-gap work function values will not be suitable for
CMOS applications'due to buried channel effects. By using a
single metal gate for both NMOSFET and PMOSFET, the threshold
voltage becomes too high for both types of transistors. In
order to achieve a lower threshold voltage, additional
implantation is required and this will result in buried

channel effects. The short channel effect control will then



work functions, additional inplantation is not required. That is, one

el ectrode with a lower work function will be used in the NMOSFET while
anot her electrode with a higher work function will be used for the PMOSFET
. That neans that the threshold voltage for NMOSFET and PMOSFET can be
tailored independently. It is desired to maintain the conventional CMOS
process flowin the dual netal gate process. U S. Patent 6,043,157 to
Gardner et al shows a process fox form ng dual gates where one gate is
polysilicon and the other gate is netal. U S. Patent 6,087,231 to Xi ang et
al discloses a dumry gate process where anor phous gates doped with
different dopants are forned. U S. Patent 6,083,836 to Rodder t eaches a
dummy &&t degredess wievwevero gﬁﬁéeqyﬁifmﬁ?ﬁkiQQQQSé%aﬁﬁﬁé orfeerpite is
polysilicon and the other_is alumnum U S. Patent 266,519 to | wanoto

t eache¥93¥; (fét‘f’lC&r’roé’is'aar?@t’éﬁmﬂqlmlﬁ‘%?l@é‘%té&%sl%ﬁl%wﬁe%ﬁ? y mask.
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the fabiecation of NMHs?%’@%ﬁ%fé it 2e1ect srifel ehheclep! Lhe
invention Is to provi a process orm ng dual -

transi §iane AndneAdifier et Wk Fancthonsuddrtdhe fﬂb&t Cﬁé.&ﬁ’é‘ fhat

integrated circuits. Another object of the invention is to provide a

processHeort H¥dHJIH Gkl tdR af 09 aOSIED ARRNBHOLOES YAEI8e 0PL1 U8EEd
conprises a netal and the other gate conprises the
independently. It is desired to maintain the conventional

CMOS process flow in the dual metal gate process.

U.S. Patent 6,043,157 to Gardner et al shows a
process for forming dual gates where one gate is polysilicon
and the other gate is metal. U.S. Patent 6,087,231 to Xiang
et al discloses a dummy gate process where amorphous gates
doped with different dopants are formed. U.S. Patent
6,083,836 to Rodder teaches a dummy gate process where two
gates are formed. For example, one gate is polysilicon and
the other is aluminum. U.S. Patent 5,266,519 to Iwamoto
teaches oxidation of a metal film to be used as an anti-

plating mask.
SUMMARY OF THE INVENTION
Accordingly, a primary object of the invention

is to provide a process for forming dual metal gates for CMOS

transistors in the fabrication of integrated circuits.



netal 's oxi de. Yet another object of the invention is to provide a process
for formng dual -netal -gate CMOS transi stors conprising a netal and the
netal oxide. A still further object of the invention is to provide a
process for form ng dual-netal gate CMOS transistors conprising a first
metal oxi de and a second netal oxide wherein the netal is the sanme in both
gates and the oxide concentration is different. In accordance with the
objects of the invention, a nmethod for form ng dual -nmetal gate CMOS
transistors is achieved. First and second active areas of a sem conduct or
substrate are separated by isolation regions. One of the active areas w ||
be PMOS and the other wll be 3 =~ NMOS. A gate dielectric layer-is forned
over|ying the seni condudBitha iR iAf dehtth BiveanelartiSet@reas. A net al
Oxygen ions are

| ayer i s deposited overlyin he gate  dielectric |ayer.

i mpl anfP&@Vitit% & FE IRRSA ﬁOdgetf’m?“Hg%g I BE R (RO T npl anted net al

| ayer i qF{% i L di zed for nmet al oxi de

| ayer. a#%ergr%;sf‘{gegg, e%ﬁaﬁﬁéarf/%rr% a%f?ﬁ%&n%?%?ﬁ%x}rge%%yer axe patterned
to forma Rt GAte ihdPerul &ea.and a metal oxide gate in the first
area to conplete formation of dual-netal gate CMOS transistors in the

fabrication of an integrated circuit. The netal oxide may have a higher or
| ower work function depending on the nmetal used. The PMOS gate will be
formed fromthe gate hawtiget hebjegbesf wok fowvehtbon Assoo pnoatder dance
with the objects of the invention, a second nethod for form ng dual - netal
gat e CMOPReCAERS sfer sfownimdi dwat-netakigahe SMRYHnHrawsivbonsecubest a

sem conductor substrate are separated b%{ i sol ation regions. One of the
acti ve AeaFaNR | FOPRT FRES %.I’fﬂlegﬂé BRAcEDRi PFRBE SRES. CAMBLARPSgRPE is
formed in ch of . the active areas. The dummy gates are covered with a

di el ect’??%aefa?/e‘?x fth is planarized whereby a top surface of each of the
dummy gates is exposed. The exposed dummy gates are renoved, |eaving gate
openings to the sem conductor substrate. A gate dielectric layer is forned

overlying the sem condygt Ofnother object of the invention is to
provide a process for forming dual-metal gate CMOS

transistors comprising a metal and the metal oxide.

A still further object of the invention is to
provide a process for forming dual-metal gate CMOS
transistors comprising a first metal oxide and a second metal
oxide wherein the metal is the same in both gates and the

oxide concentration is different.

In accordance with the objects of the
invention, a method for forming dual-metal gate CMOS
transistors is achieved. First and second active areas of a
semiconductor substrate are separated by isolation regions.

One of the active areas will be PMOS and the other will be



4 <« substrate in each of the gate openings. A netal |ayer is deposited
within the gate openings to formnetal gates. Oxygen ions are’inplanted
Jdnto the netal gate only in a first area to forman inplanted netal gate.
The inplanted netal gate is oxidized to forma netal oxide gate in the
second area to conplete formation of dual-nmetal gate CMOS transistors in
the fabrication of an integrated circuit. The netal oxide may have a hi gher
or |ower work function depending on the nmetal used. The PMOS gate will be
formed fromthe gate having the higher work function. Al so, in accordance
with the objects of the invention, a third nmethod for form ng dual - net al
gate CMXS transistors is achieved. First and second active areas of a

seni cofdiPt-or A @FRE &ielgd Tispdraterd 11y fagred |Qﬂﬁ1f3ég’rréﬁlsth‘€)ne of the

active areas be P and the other will be NMOS gate dielectiric
layer 156 W?gd‘% TR HH %m%%ﬁmtﬁ he BRE TR TS ncth gFEtRb ot i ve
ar eas. | aye eposit.ed ov ate dle ectrlc | ayer.

First oxﬁ’gen |o%ac{rseui$erf{;|°2vn H mrﬁ %{%‘? (Itl] Gf%(téFrl n g $¥st area to

for”‘a@ﬂyHHﬁ”EéﬂérE?éﬂlﬂﬁwﬁﬂtéﬁ"Eﬁ{E3&ﬁ@”ﬁﬁ%éﬁ By&l {QAygerei Sqoxidized to

forma first netal oxide layer. Second oxygen ions are inplanted into the

met al layed td £dien SAC O Pareed Gnd €4 1N Balyé APARA! Ele NEhBl ahB¥&rmaddlt he
i npl anted netal |ayer is oxidized to forma second netal 5 - oxide | ayer

wher ei rlayeer oy geni diomeents afoxom a métel secide hayet . oxThleréafeer) s
different fromthe oxide concentration in the first netal oxide |ayer.
Ther eaftlee ,me¥l flager nand| thyi tetahyexidadl aver sarendahbeahedxtde | ayer
are patterned to forma first metal oxide gate in the first area and a
second ¥l g ER! g‘é"l“éelwmes%%@é‘ﬁda’é?%aa’{‘@ %oﬁ‘?ﬁt@% e°¥b@ﬁa9ii§ﬁ oP

dual - net. al ate CMOS transistors in the fabri i nt eqgr
Ci T oui tEheeL PR e PP E8e, Ratmer bant e Gubs-RatanThkeSRRBES, wor k

function. Al so acc ce mntg the objects,of t e |nvent|§ g fourth
t d.

met hod *f%?n%?'ﬁ%% %1’& %]Frbs‘? BndPEFEFetFe SEAFRY PPst and
second acti O?ggﬁsmg ﬁa§§”ECHQQHEFOBE Egﬁ%éa 5Q[Eu§ggﬁgﬁted by isolation

regi ons. . tive areas e other will be NMOS. A
dumy g@ésehaiﬁgraﬁdthe Raeh10hskbhe aghbvemaEe8ate will be formed

from the gate having the higher work function.

Also, in accordance with the objects of the
invention, a second method for forming dual-metal gate CMOS
transistors is achieved. First and second active areas of a
semiconductor substrate are separated by isoclation regions.
One of the active areas will be PMOS and the other will be
NMOS. A dummy gate is formed in each of the active areas.
The dummy gates are covered with a dielectric layer which is
planarized whereby a top surface of each of the dummy gates
is exposed. The exposed dummy gates are removed, leaving
gate openings to the semiconductor substrate. A gate

dielectric layer is formed overlying the semiconductor



The dummy gates are covered with a dielectric |layer which is planarized
whereby a top surface of each of the dummy gaties is exposed. The exposed
.dummy gates are renoved, |eaving gate openings to the sem conductor
substrate. A gate dielectric layer is forned overlying the sem conduct or
substrate in each of the gate openings. A netal layer is deposited within
the gate openings to formnetal gates. First oxygen ions are inplanted into
the netal gate only in a first area to forman inplanted netal gate. The

i npl anted 6 netal gate is oxidized to forma first nmetal oxide gate in
t he second area. Second oxygen ions are inplanted into the netal gate in
the second,area to forman inplanted netal gate _and .the.inplanted netal
gate 8" §FHF§§leoeP8HhP§ §g§oﬂ8tﬁePEPnd%ﬁ%e gétEQHéiwﬁég%%éjbxygen
concentration i.n_the.second tal _oxi.de gate ds different fromthe oxide
concené?g%?éﬁeﬁnwﬁﬁglPiigﬁ ﬁ§$§|°8£P&89§a38 S T M5 &t SRt i on of

dual - at; tr i r:S Lt fahrnigat| Jnte
circur§%9$ﬁg E% gaFel%gﬁF%%%df&H%&f@%%ﬁ??%@'é%ﬁ%aﬁggﬁﬁﬁjpﬁbqﬁﬁgﬁgr wor k

functi gReaAkd0foldh ARCAMPARGE W hidtlalle YL Ct S il AR b1 @
dual -nmetal gate CMOS integrated circuit device is achieved. The device

conpri gesef iiksoxddd zedc aad fadin \se mteAs dafide SR« andutiorsestdisd r at e
separated by isolation regions. One of the active areas will be PMOS and

t he ot hgeawitiol dompNEte. fAmmettdlongatfe dunlanfatst gatea GIEF | ies a gate
dielectric layer, and a netal oxide gate in the second area overlies a gate
di el ecttrP@ILIBFOT swHer dibe thadmismafiiqm ahameintegrated cirrustme Teeri a

as the netal in the nmetal oxide gate. The metal oxide nay have a hi gher or

| oner WG FRetiomage VS fy Morfiete Het VSR P T HEBNE®Yate wil | be
formed fromi.he gate . havi t he hi gh unction., ./ SO, kN
accordgr!f‘é)een\ﬂt]’[r}'? g)nnqube] é‘&n%lofust% " ﬁvé%ﬁ@ Lot h‘%]rlldu%? '-A%n%’f%‘?égat e CMOS
i ntegr hWreujt, device | chi i ce. conprises first and
secondafélrg)tqul \C/eeﬂea;&eéétse g?d‘é%sde%rgeonmd@cﬁf% ‘gu slﬁ%?@%gér ated by isolation
regions. One of the active areas will be PMOS and the other will be NMOS. A
first metal oxide gate in a first area overlies a gate dielectric |ayer,
and a second netal oxixEsgAaten idcddedsecoOndi eheehovebléessaogatredi el ectric

| ayer wherein the netal in the two gates is the same netal and the oxide
concentirateroniors, d fleiehime thedcfoof fotmingwodgal esetdhegPMOSCHAEe Wi | | be
formed fromthe gate having the higher work function. BRI EF DESCRI PTI ON OF
THE DRAWNGS.$ tox$elaczombangd ng Hrask ngsdf seapng activer fakapaef of this
description, there is shown: Figs. 1 through 5 are cross-secti onal

semiconductor substrate are separated by isolation regions.

One of the active areas will be PMOS and the other will be

NMOS. A gate dielectric layer is formed overlying the

semiconductor substrate in each of the active areas. A metal

layer is deposited overlying the gate dielectric layer.

First oxygen ions are implanted into the metal layer in a

first area to form an implanted metal layer and the implanted

metal layver is oxidized to form a first metal oxide layer.

Second oxygen ions are implanted into the metal layer in the

second area to form an implanted metal layer and the

implanted metal layer is oxidized to form a second metal



representations of a first preferred enbodi nent of the present invention.
Figs. 6 through 11 are cross-sectional representations of a second
preferred enbodi ment of the present i nvention. 8 Figs. 12 and 13 are
cross-sectional representations of two alternatives of a third preferred
enbodi nent of the present invention. DESCRI PTION OF THE PREFERRED

EMBODI MENTS The present invention uses a netal and its netal oxide to form
dual -netal gates having different work functions. In one enbodi nent, two
different oxides of the netal are used as the dual-netal gates. It will be
understood by those skilled in the art that the invention should not be

limted tq t mbodi nent bed h be . ext end d
appl | B0 angYBPpr PEAEIEn T AYBRY ForCeRETRRET, AT e A ar os

h he f nb d f |1
e dooRFrRta o R TaPsFonce (08 TEraaT T26T 11 SRAn COMSEN AL  ho

inventkanewl ks Egtdg“s__,%r Lhbed 5 Wet qaé,%frgreggﬁl%bée%ﬁeqs tq}e“flr-g‘c? x&eh"__al‘ gs. 12

enbodlnent of the invention wll WitH reference t

and 13oxRabenkiyeg BaW tBeFis@Tonk Retlle duilded RRerHRd wibadiq@nttof the
present invention will be described. Referring now nore particularly to

Fi g. 1lfotrhere fiigsshowtad sanideoncict dm siMestfiatset Hirealhdirsd is gradmed abl y
monocrystal line silicon. Isolation regions, such as shallow 9
metal oxide gate in the second area to complete formation of
dual-metal gate CMOS transistors in the fabrication of an
integrated circuit. The PMOS gate will be formed from the

gate having the higher work function.

Also, in accordance with the objects of the
invention, a fourth method for forming dual-metal gate CMOS
transistors is achieved. First and second active areas of a
semiconductor substrate are separated by isolation regions.
One of the active areas will be PMOS and the other will be
NMOS. A dummy gate is formed in each of the active areas.
The dummy gates are covered with a dielectric layer which is
planarized whereby a top surface of each of the dummy gates
is exposed. The exposed dummy gates are removed, leaving
gate openings to the semiconductor substrate. A gate
dielectric laver is formed overlying the semiconductor
substrate in each of the gate openings. A metal layer is
deposited within the gate openings to form metal gates.
First oxygen ions are implanted into the metal gate only in

a first area to form an implanted metal gate. The implanted



- trench isolation (STI) 12, are formed in the substrate to separate active
regions. N-wells and P-wells, not shown, may be fornmed within the
«substrate, as is conventional. Punchthrough and threshold voltage

adj ust mrent i npl antations, not shown, are made as is conventional in the
art. A gate dielectric layer 14 is grown or deposited over substrate to a

t hi ckness of between about 15 and 150 Angstrons. For exanple, the
dielectric layer may be a low dielectric constant material such as silicon
dioxide, nitrided silicon dioxide, silicon nitride, or their conbinations.
Alternatively, the dielectric |ayer may be a high dielectric constant gate
di el ect r | rial ¢h.as zi.rcaoni_um_oxi.de,. hafni.um.axj de | umi num oxi de,
t ant al %J"ﬁqlt%:elrr:gégfdg,s %%rl?&%%gt rtgn'%i%lf% & ?&ﬁgstteénj%tanldrgécrlydset aﬂ‘a[tiaenelrﬂoxi de.

Ref err i i 2, al r. i Or: t.
dielecF??cgﬁgsgg Fggg'thﬁgfﬁﬁgéog bgtﬁégﬁ;ax%hf' 5ﬁﬁgﬁ%zﬁgﬁgqﬁﬁastrons.
The n?tn;@kallagtelanrr&meb%ef&me%ﬂ@e HHHSRM N i @add GetLhemeal vapor
deposition (CVD), or electroplating. The deposited nmetal can be ruthenium
i ri di uemdogtiieumnplhediednnagtda@nidate d's Sxidided®idalfornlG sdmdt he net al

| ayer is masked, as shown in Fig. 3, to expose a region where the netal

wi | | beedaildicxddle Tadenragie rZ0inreyheh eoxy qehotanressstrataisdn ofn atiar d mask

| ayer, dependi ng upon the type of annealing to be perfornmed. Oxidation may
be acc&fsRshaw SRjiGEn 1R drft atiTdPiattlo RN Spp<BHi 4R eas, fol | owed by

anneal i ng in.an.i.nert, or_an o en anbient. As shown i . 3, 0 en
i ons ak@gﬁ%t&rﬂ%ﬂ)r’zfr?aﬁk? tqfer"*ﬁte;( aﬂaﬁ?{ B et et‘?tc‘?‘gg’ﬂ% égover edxﬁg
the ma 20., .0x jons ar.e 4 npl.ant ith dosage of between about 5 E
15 to %kognﬁjiooryn%efg “nd eé:nale:gartg%/ %&%ﬁeﬁﬂ%rgsnlsa%%% ~Jlnt€n%0 KeV. It is

i mport . A i i Lcks:.eno t o) erlyin
otal bt SR Thedifieed oftiEoMR st sel bify Baote M

rapi d thaie@l ¥acessk (FFR) ndfidy | @semsydeModber phot ppRsk nust be
renoved prior to annealing in an 1nert gas. However, if the annealing is

performed in an oxygen anbient, a hard mask shoul d be used to protect the
netal |ayer from oxidation. Oxidation can also be achieved by plasna
assi sted oxidati on of Alsopexjposadcsedante sucthashdbyobgeote pFashe
oxidation. Oxidized netal region 26 is the result of the oxidation process.
11  Refrerentigpmovi t@udl gnetal t heterefM0S abateerated circuit device

is achieved. The device comprises first and second active

areas of a semiconductor substrate separated by isolation

regions. One of the active areas will be PMOS and the other

will be NMOS. A metal gate in a first area overlies a gate

dielectric layer, and a metal oxide gate in the second area

overlies a gate dielectric layer wherein the metal in the

metal gate is the same material as the metal in the metal

oxide gate. The metal oxide may have a higher or lower work

function depending on the metal used. The PMOS gate will be

formed from the gate having the higher work function.



oxide layers, 16 and 26, respectively, axe patterned to formgate

el ectrodes. A chem cal nechanical polishing (CW) process nay be applied to
achi eve pl anarization. In one enbodinent, the netal oxide 26 is patterned
to formthe first gate el ectrode and, subsequently, the netal layer is
patterned to formthe second gate el ectrode. In another enbodi nent, both
gate el ectrodes are defined and etched at the sane tine. The etching can be
achieved by alternating chem stry 1 and chem stry 2 with time and using a
hi gh selectivity etch chem stry when the etch process is getting close to
the end point, with chem stry 1 having a higher etch rate for the netal

oxi de, and chem stry 'having a hi%%%% etch ra%glfor.th ne%gl or vice

" versa. Thus, netal ga %5’0161 n& <56, \ﬁeng‘j“(}-’lhf reer(l)tij(\aocr founcftr}eons, are

real | Zﬁgveyﬂ? et t%éoﬁf’zﬂeged%%t .e-méfiari%abc%‘r’rg%é‘ii%@%fgr%[]técg‘p%éé&{é( functi on

. than t metal” da ependi ng on the use ate will be

the gah%vfifal\éi g ta%i@k,f@*a@r WK JeldNGld Ubid i AR 9aie Mddpde the gate

having the | ower work function. Referring nowto Fig. 5, source/drain

regi ongc3Qvandrea@dewdH la SRACAIChBEIRY RSB sdsadSc&Pentional . The
spacers 32 may conprise either silicon nitride or silicon 1 - oxi de.

Pr ocessisg atdrin mees oS . S oenventirenalctiivd heread . weXcepd BMed and
silicidation over the gates is not required. The second preferred

enbodi reivet odthetrhevigrle SentNMOBrentd drisst Imeted demtrdheap v tin reffiesite to
Figs. 6-11. This enbodinent is a danascene gate process. Referrjing now nore
parti c@T&A PUF FHieF B, Il ¢ e SHoVth ¥ WRtRcebsFetre 10. This

i f er.apl talli ili . Isolati i h hal |
LT eneh gt g A P d I (SR T D T e Sl S e hat [ ve

i ) | P-.wel 1 f i i bstrate,
(20 O P A BB o ol SO TN B [ OL TBfl WAL Ly substrat e
i pl antald ng -tdémeﬁ@;@%f BS & Sr FOPYLOIONGL o1y Nok hep @l Ly DUy

gates are forned. A first stli1con oxide 42 1s deposited over the

substraja:d®, a THhd CNes Sgffe DL VEEHe 2POHhe d SrABH BReAGEBE! RATind kAMer of
silicon nitride 44 is deposited over the silicon oxide layer 42 to a

t hi cknasisgidr bedyieenu@dboidn 15 and 200 Angstrons. A |ayer of polysilicon 46
is deposited over the silicon nitride layer 44 to a thickness of between
about 500 and 3000 Angstronms. The dummy gate stack is patterned to forma
dummy gate 50 in each of the active areas, as shown in Fig. 6. Sidewall
spacers 54 and source/ JREER PBHCRHBTEONAQE THEnBBAWINGS i s conventiona
inthe art. Now, an interlevel dielectric |ayer 58 is deposited over the
dummy gates and planarized to the top of the dummy gates by CWVP. As shown
in Fig. 7, the dumry gates, 50 are renoved where they are exposed by the CWw
process. The dummy gat &R hRe RERBVREANEY Hefra8ViRPAgICIMITEL €hing, or a

combi nayion, of the {wa; Nave hlig dualsfetal, gates oL, (g present

Figs. 1 through 5 are cross-sectional
representations of a first preferred embodiment of the

present invention.

Figs. 6 through 11 are cross-~-sectional
representations of a second preferred embodiment of the

present invention.



invention are to be forned. A gate dielectric |layer 60 is deposited or
thermally grown on the exposed substrate surface wthin the dunmy gate
openings to a thickness of between about 15 and 150 Angstronms, as shown in
Fig. 8 As in the first enbodinent, the dielectric layer nay be a | ow
dielectric constant material such as silicon dioxide, nitrided silicon

di oxide, silicon nitride, or their conbinations or a high dielectric
constant gate dielectric material such as zirconium oxi de, hafnium oxide,
al um num oxi de, tantal um pentoxide, bariumstrontiumtitanates, and
crystalline oxide. Referring nowto Fig. 9, a netal layer 62 is forned over

the gate dielectric |ayer 62 Th tal |ayer 62 nq¥ be .formed by
) sputtering,_evaporatigﬁ?sgh %i@gﬁ p@Fel Oﬁﬁﬂﬁﬁﬁ HQﬁ?l(CVD), or
el ecf[ r 9%@%&@%&?%@68‘%? ltkv%d a'IPtte%lna%ZQ&%g orf“ltahec@l'i'{@ p'xr 'fch'z‘rr@d osm um
. rhodi um “rnenium ~or simlar metals. pr ocess polishes away the netal

layer paboWihiin? LFe t9emMDi 0k QRRAINIGS thus conpleting the damascene
[ [ 10, a

process. Now, as shown in Fig. phot onmask 65 is formed to cover the
internetal dielectric layer 58 and the first gate. An opening is formed in
t he photomask to expose only the second gate that is to be oxidised. Oxygen
i ons are inplant ed®ESERIMTT N OFs BTN PRERERRATEBMBADIMENTS® covered by the
mask 65. Oxygen ions are inplanted with a dosage of between about 5 E 15 to
5 E 17 ions/cnz arid an energy of between about 1 to 50 KeV. It is

i nportant that the naskingtla er is thick enough toegrotect the first gate
frominplantation. Aft%81e RIGSHERHGIHRPPHR ok e antalthg step is

TR P R TS R AR s g
the 11 PPt et aie B Eliert o (P AIRER O Ple 8L UL DD P et e
by 2 hagtdRSle SR A% S IAC WLl Lidde siens! s perfermagto form an oxi de

fromthe oxygen-i anted netal 70 rnatively the oxidation can be

achi eveghdyr KRB I tH8sS RN &t £n etREL 4pder koL BROXI A, &hBYoRNDI ent.
During the annealing or oxidizing step,the first gate el ectrode and the

i nt er mdrduXt ASEtHd Climedd €@ PhOt EfbEdidEnts ABeSEPYPed NhELEin}l, netal
gates 62 and 70, having different work functions, are realized. Gate 62
but can be extended and applied to any application in which
it is desired to have metal gates having differing work
functions. The first embodiment of the invention will be
described with reference to Figs. 1-5. The second embodiment
of the invention will be described with reference to Figs.

6~11. The third embodiment of the invention will be

described with reference to Figs. 12 and 13.

Referring now to Figs. 1-5, the first
preferred embodiment of the present invention will be
described. Referring now more particularly to Fig. 1, there
is shown a semiconductor substrate 10. This is preferably

-

monocrystalline silicon. Isolation regions, such as shallow



cbn'pri ses a netal while —ga'te 70 conprises nmetal oxide. The gate el ectrode
with the higher work function wll|l be tae PMOSFET whil e the gate.el ectrode

with the lower work function will be the NMOSFET. The work functions of the
gate €l ectrodes of the first, two enbodi nents have been nmeasured as shown in
Table 1. Resistivity is also shown. 16 Table 1 aate material work Funs

(eV)resistivity (u~/cmRu4.60 - 4.717. 7TRuOz4.9 - 5.2451r5.0 -
5.75.3IrZN A< 1.000s4.7 - 4.839.5CzN A< 100Rh4.75 - 4.984. 5RhO~-N A<
100ReN A< 100Re02N A< 100Pol ysili conP-type"5. 1<1000N-t ype" 4. 3<1000 For
exanple, if rutheniumis used, the NMOSFET will conprise the Ru gate and

t he PMOSE i | [ O- _gat ' t PMOSEET t, h
i gher CRERRDY (RSP SRrnd e e MeVOBERT TSR TR A RS At so be

i . - _ K : . : |
ﬁﬁcltiZggpg%éa?gjeg?g'ﬁggc%?g%%%'de%irlglteglci%sgh(lit ?)g_l a%lel e’t ?%ﬁ%étm’%@mtry.

That ige 2Ben@A Gi%HSG! tPde St AR d N 46 d %Hﬁn%a@”e-the other gate

oxide will be in the form of MY, ere Mis a neta i'ch can be

r ut henipuchithirdiug® 2@SMthHAe SHIAG WH1Qigd henjudBnand dog SarQit fsn@) to Y.
The value of X and Y can be well adjusted by the inplantation dose. The

met hodsiode stiowned afrer ntdde fas sits arwchwsecointh alvbiodi thentartcan al so be used in
this third enbodi nent dual 17 gate process. As shown in Fig. 12, the
conventional gate formation process described in the first enbodi ment can
be used to formthe tw gates, MX and MJY. The netal |ayer wll be
inplanted with two di ¥ it ‘B3”REent4 obs PYDI t hese two net al

&
darmsc P P s A Hed 1t (T CRReR LhOGHHERE. EopeBeBsed to
I:hO][ ;ne£ %ﬁ%{é gg;s‘%?é? 0 g%’gen%ﬁoneg%ﬁ%f%%g%@&vgt%% ;%%&g%\gf%g havi ng
di fferent; Words 1Mt # A Sconstant material such as silicon dioxide,
nitrided silicon dioxide, silicon nitride, or their
combinations. Alternatively, the dielectric layer may be a
high dielectric constant gate dielectric material such as

zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystalline oxide.

Referring now to Fig. 2, a metal layer 16 is
formed over the gate dielectric layer to a thickness of
between about 1000 and 4000 Angstroms. The metal layer 16
may be formed by sputtering, evaporation, chemical vapor
deposition (CVD), or electroplating. The deposited metal can
be ruthenium, iridium, osmium, rhodium, rhenium, or similar

metals.

10
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[

In both Figs. 12 and 13, the gate having the higher work function wll be
the PMOSFET and the gate having the |lower work function will be the
NMOSFET. The process of the present invention provides three sinple,
manuf act ur abl e dual -netal gate processes. The conventional CMOS process
flowis maintained. The work function of the gates is sinply tuned by the
oxi dati on process. The dual -netal gates conprise a netal and a netal oxide,
or two netal oxides having different work functions. 18 a The netal oxide
havi ng the higher work function will be used for the PMOS gate and the
metal oxide having the | ower work function will be used for the NMOS gate.

Wiile the invention h be particul,arly. sho descrj.he ith
" reference to the pref g?“rﬂéd%glr?bg‘gi rar‘%ntlgyt erl%o ) S?(t%%v(/i %S bgeh%l‘f%ldgrnstood by

those ?tﬁh'.' ed di ot Qﬁﬁgfs%: tah?i-teﬁ‘i%;of%h&%r%hach%e%ét%f Wi'!}r%a'b% At o dray be

out “departi romthe spifit and scope of the invention. Wiat is

cl ai medreS nak® 200 mek) Bat ROPLRfe UL oAl -JPlRn il ST dyansi stors in
the fabrication of Integrated circuits conprising: providing a first and a

second d@%@n\'ﬁn@f o theS SRIEO AU GlrRle aSIURY] A e qRVF QDY |sol ation

regi ons wherein one of said active areas will be a PMOS area and
Oxidation may be accomplished by oxygen implantation into the
exposed areas, followed by annealing in an inert gas or an

oxygen ambient.

As shown in Fig. 3, oxygen ions are implanted
22 into the metal layer 16 where it is not covered by the
mask 20. Oxygen ions are implanted with a dosage of between
about 5 E 15 to 5 E 17 ions/cm? and an energy of between
about 1 to 50 KeV. It is important that the masking layer is
thick enough to protect the undeflying metal layer from
implantation. Annealing can be performed in a furnace,
rapid thermal process (RTP), or a laser system. The
photomask must be removed prior to annealing in an inert gas.
However, if the annealing is performed in an oxygen ambient,
a hard mask should be used to protect the metal layer from
oxidation. Oxidation can also be achieved by plasma assisted
oxidation of the exposed region such as by remote plasma
oxidation. Oxidized metal region 26 is the result of the

oxidation process.

11



the other of said active areas will be an NMOS area; formng a gate
dielectric |l ayer overlying said sem conductor substrate in each of said
active areas; depositing a nmetal |ayer overlying said gate 10 dielectric

| ayer; inplanting oxygen ions into said netal layer in said first active
area to forman inplanted netal |ayer and oxidizing said inplanted netal

| ayer to forma netal oxide |layer; and 15 thereafter patterning said netal

| ayer and said netal oxide layer to forma netal gate in said second active
area and a netal oxide gate in said first active area wherein said PMOS
area conprises one of said first and second active areas having a gate 20

havi ng a higher work function than said.gate in _the other qof said active
areas to conplete forﬁﬁ??Bﬁlgaiﬂoﬂftaugﬁ ne?altB&t@eéﬁgSaP%amﬁqétns in the
fabrication of an_integrated_.circuit. 20 2. _The hod according to Caim
1 mher%?hgga?ay§5§é %?e?@ét??é FS?@FCE5HS}V$e?rgngggkefﬁg%gﬁﬁhpC%%htaining
silico LOXH KLkl de Ll diaxhde.: Siil | Py nd a
conbing??%négﬁgfgnggé. %h%h%ggﬁgé g%%?% fﬁ%lt %%?gﬁﬁnffaﬁggﬁin said gate

di el echebeekayRbyCBEPRLDES c@N@Ohchi@va PURNGN AN ZiTC @Ricum oxi de,
haf ni um oxi de, al um num oxi de, tantal um pentoxide, barium strontium
tit anakebpdandntr,yshal hiettaloxixdda 24. iBh@ataidiokdadoorfdinng e Giatsh 1

wherein said netal
gate electrode and, subsequently, the metal layer is
patterned to form the second gate electrode. 1In another
embodiment, both gate electrodes are defined and etched at
the same time. The etching can be achieved by alternating
chemistry 1 and chemistry 2 with time and using a high
selectivity etch chemistry when the etch process is getting
close to the end point, with chemistry 1 having a higher etch
rate for the metal oxide, and chemistry 2 ‘having a higher
etch rate for the metal, or vicelversa. Thus, metal gates 16

and 26, having different work functions, are realized.

The metal oxide gate 26 may have a higher or
lower work function than the metal gate 16 depending on the
metal used. The PMOS gate will be the gate having the higher

work function and the NMOS gate will be the gate having the

lower work function.

Referring now to Fig. 5, source/drain regions
30 and sidewall spacers 32 may be formed, as is conventional.

The spacers 32 may comprise either silicon nitride or silicon

12



| ayer conprises one of the group containing ruthenium iridium osnm um
rhodium and rhenium 5. The nmethod according to Caim1 wherein said
“bxygen ions are inmplanted at a dosage of between about 1 E 15 and 1 E 17
ions/cm- and an energy of between about 1 and 50 KeV. 6. The net hod
according to Caim1 wherein said step of oxidizing said inplanted netal

| ayer conprises annealing in an inert gas and wherein said annealing is
performed in one of the group of: a furnace process, a rapid thernmal
process, and a | aser process. 21 7. A nethod of form ng dual -netal gate
CMOS transistors in the fabrication of integrated circuits conprising:

providing a first and a second active area of a sem conductor substrate
separ aPEddBy i EEPLESEH e GG Safh &Seilf SRRVENEHARR ladl Vi erddy wil | be a
PMOS area and the other of said active areas will be an NMOS area; form ng
5 dumREEPE hodach 1oF 1SRt OB ONPE PEagatasdd MP's Hol gates wi th a
dielectric layer; planarizing said dielectric |ayer whereby a top 10
surface of each of said dumy gates is exposed; renoving said exposed dumy

el ectric layer overlmmarsshd Bre OB RE R Emart s fLie JREERY 70 e
( yer overlying sal em conductor substrate in each of said
gate OR@ReRdSon will be described with reference to Figs. 6-11.
This embodiment is a damascene gate process. Referring now
more particularly to Fig. 6, there is shown a semiconductor
substrate 10. This is preferably monocrystalline silicon.
Isolation regiomns, such as shallow trench isolation (STI) 12,
are formed in the substrate to separate active regions. N-
wells and P-wells, not shown, may be formed within the
substrate, as is conventional. Punchthrough and threshold
voltage adjustment implantations, not shown, are made as is

conventional in the art.

Dummy gates are formed. A first layer of
silicon oxide 42 is deposited over the substrate to a
thickness of between about 15 and 50 Angstroms. A layer of
silicon nitride 44 is deposited over the silicon oxide layer
42 to a thickness of between about 15 and 200 Angstroms. A
layer of polysilicon 46 is deposited over the silicon nitride
layer 44 to a thickness of between about 500 and 3000
Angstroms. The dummy gate stack is patterned to form a dummy
gate 50 in each of the active areas, as shown in Fig. 6.

Sidewall spacers 54 and source/drain regions 52 are formed as

13



15 depositing a netal layer within said gate openings,to formnetal gates;
and inplanting oxygen ions into said netal gate only in said first active
area to forman inplanted nmetal gate and oxidi zing said inplanted netal
gate to forma netal 20 oxide gate in said first area and a netal gate in
said second active area wherein said PMOS area conprises one of said first
and second active areas having a gate having a higher work function than
said gate in the other of said active areas to conplete formation said of
25 dual -netal gate CMOS transistors in the fabrication of 22 an
integrated circuit. 8. The nethod according to Caim7 wherein said dummy

gates conprise a first layer of silicon dioxide, a second |ayer of silicon
nitridés SABVENLAPPAL dPerthsf & -ysiNAwoodn dntprd arthsH &d&Driditg to O ai m

7 wherein said step of . vi ng sai.d du ates conpri.ses one of the grou
Contai GPREE i 1. BepRy TR, Rt e, S S A G e dry
et chi nqhelq_;ogT%% '{?}eh?l%[nﬁgzcgadcie@ﬁ 0 Cg?’il m 7 wherein said gate dielectric

| ayer coOmprises one o oup cahtalﬁlng silicon dioxide, nitrided
silicon dioxide, silicon nitride, and a conbination thereof. 11. The net hod
according to Caim?7 wherein said gate dielectric |ayer conprises one of

the group containing iy G Gxire . MAf Nk Axkele. g2 e swim gxi de,
tant al um pent oxi de, barium strontiumtitanates, and crystalline oxides. 12.

The methed e ity ey addn skpdis@iny Siél ot abrdeyes . coTpe | geampne of
t he group containing ruthenium 23
gates are removed by wet etching, dry etching, or a

combination of the two.

Now, the dual-metal gates of the present
invention are to be formed. A gate dielectric layer 60 is
deposited or thermally grown on the exposed substrate surface
within the dummy gate openings to a thickness of between
about 15 and le Angstroms, as shown in Fig. 8. As in the
first embodiment, the dielectric layer may be a low
dielectric constant material such as silicon dioxide,
nitrided silicon dioxide, silicon nitride, or their
combinations or a high dielectric constant gate dielectric
material such as zirconium oxide, hafnium oxide, aluminum
oxide, tantalum péntoxide, barium strontium titanates, and

crystalline oxide.
Referring now to Fig. 9, a metal layer 62 is

formed over the gate dielectric layer 60. The metal layer 62

may be formed by sputtering, evaporation, chemical vapor

14
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iridium osmum rhodium and rhenium 13. The nmet hod according to daim7
wherein said oxygen ions are inplanted at a dosage of between about 1 E 15
and 1 E 17 ions/cn2 and an energy of between about 2 and 50 KeV. 14. The
met hod according to Claim7 wherein said step of oxidizing said inplanted
metal | ayer conprises annealing in an inert gas or vacuum wherein said
annealing is perfornmed in one of the group of: a furnace process, a rapid
t hermal process, and a | aser process. 15. A nethod of form ng dual - net al
gate CMOS transistors in the fabrication of integrated circuits conprising:
providing a first and a second active area of a sem conductor substrate

separated by isol atj regions 5 wherei.n one of said active areas wll be a

PMOS & %%oﬁxﬁl?ﬂe?%¥ﬁgr 8? §3F8t589§9§1aﬁeasT%Fl epe S e &3 or ni ng
te_diel ic | . | yi id i duct t i h of

Sata o CueBbhLEm QLELARNR VSRENRE) SpaBTLRE ENRRRg 8y sl " °

di el echita1bayeh: chiBPhastedd bbisbnRtydshy et Wliisaldeitlale | ayer in

said first active area to torman | nplantéd nmeta ayer and oxi di zi ng

sai d i yptanhedneehahmbay8tet @pkaiigd,f ithéls Rl e¥inde thay flanalrda®! anting
second oxygen ions into said netal 1ayer

process.

Now, as shown in Fig. 10, a photomask 65 is
formed to cover the intermetal dielectric layer 58 and the
first gate. An opening is formed in the photomask to expose
only the second gate that is to be oxidized. Oxygen ions are
implanted 68 into the second gate where it is not covered by
the mask 65. Oxygen ions are implanted with a dosage of
between about 5 E 15 to 5 E 17 ions/cm?® and an energy of
between about 1 to 50 KeV. It is important that the masking

layer is thick enough to protect the first gate from

implantation.

After stripping the photomask 65, an annealing
step is performed to form an oxide from the oxygen-implanted
metal 70. Alternétively, the oxidation can be achieved by
exposing the second gate electrode to an oxidizing ambient.
During the annealing or oxidizing step, the first gate
electrode and the intermetal dielectric layer are protected

by a hard mask such as silicon nitride.

15



in said second active area to forman inplanted netal |ayer and oxidizing
said inplanted netal layer to forma second nmetal oxide |ayer wherein said
first netal oxide |layer has a different oxygen concentration fromsaid 20
second netal oxide layer; and thereafter patterning said first and second
nmetal oxide layers to forma first netal oxide gate in said first active
area and a second netal oxide gate in said second active area wherein said
PMOS active area 25 conprises one of said first and second active areas
havi ng a gate having a higher work function than said gate in the other of
said active areas to conplete formati on said of dual - netal gate CMOS

~transistors in the falr |on .of n i ntegrated circuit met hod
according to Claim 15 ﬁl s'LzS‘i g‘t]d q'r gateR &2 (?6}‘?}) es one of
the grou nt.ai |I|c nitrided.siligcon IOXI , Silicon

it aBeOARE" R el e ek MR X HerEin e, e, rﬁ&lﬁ&&décc&? 5o Gaimis

wher e posghd 4 %h%;e%aelcwhﬁ agva%{um Rdass: ane e e, 000 g ai ni ng 25

Zi rconi um oxi nrum oxi a um pen‘t (0] , barium

St T ONt LUl dh@RahSe AT alid: QUa1ESe ek HS, 478 hgd aggording to

Caim wherein said netal |ayer” conprises one of the group containing

rut henipdsFET QiniMe QHE Whtd hOH MW Ro@N e {HE NN 1 hfer TiSr Bt & 86€ Or di ng
to Claim15 wherein said first oxygen ions are inplanted at a dosage of

bet weemwriahowte ke MMGBRETL E 16 ions/cnZ and an energy of between about 1
and 50 KeV.
The work functions of the gate electrodes of

the first two embodiments have been measured as shown in

Table 1. Resistivity is also shown.
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20. +The met hod according to Claim 15 wherein said second oxygen ions are
i npl anted at a dosage of between about 1 E 16 and 1 E 17 ions/cnR and an
energy of between about 1 and 50 KeV. 21. The method according to C aim15
-wherein said steps of oxidizing said inplanted netal |ayer conprises
annealing in an inert gas wherein said annealing is performed in one of the
group of: a furnace process, a rapid thermal process, and a | aser process.
26 22. A nmethod of form ng dual-netal gate CMOS transistors in the
fabrication of integrated circuits conprising: providing a first and a
second active area of a sem conductor substrate separated by isolation
region 5 wherein one of said acH;%é ar.eas wll be a PMOS area and the ot her

" of said active areas will be an area; formng a dummy gate in each of
sai d agtive aieadSgicovering saigd duray, gat wi th 8 fi 8l ecsr AYEr
. pl anar ' ZiMg ggAl ierectri ¥ each of said

dummy gat es gi®exposed; renovi ng;ﬁ_;ai.d exposed dummy 41§it es |l eaving gate
openi ngs tosaid sem conductor syhstraie; formng a gate dielectric |ayer
overlying saix@.sem conductor substnatge in each of saidigate openings; 15
depositing agretal |ayer within sa d- gai® openings 9.5

0s0= N/A < 100
Rh 4.75 ~ 4,98 4.5
RhO-= N/A < 100
Re N/A < 100
ReD-= N/A < 100
Polysilicon

P-type “5.1 <1000

N-type ~4.3 <1000

For example, if ruthenium is used, the NMOSFET will comprise
the Ru gate and the PMOSFET will comprise the RuO= gate since

the PMOSFET must have a higher work function than the
NMOSFET .,

The dual-metal gate can also be realized by
adjusting the work function of the oxide since the work
function of the conductive oxide is closely related to the
stoichiometry. That is, one gate electrode will be in the
form of MOx while the other gate oxide will be in the form of
MOv, where M is a metal which can be ruthenium, iridium,
osmium, rhodium, or rhenium, and X is not equal to Y. The
value of X and ¥ can be well adjusted by the implantation
dose. The methods described for the first and second

embodiments can also be used in this third embodiment dual-

17



to formnetal gates; inplanting first oxygen ions into said nmetal gate only
in said first active area to forman inplanted netal gate and oxidi zing
said inplanted netal gate to 20 forma first 'nmetal oxide gate in said
first active area; and inplanting second oxygen ions into said netal gate
only in said second active area to forman inplanted netal gate and
oxidizing said inplanted netal gate to 25 forma second netal oxide gate in
said second active 27 area wherein said PMOS active area conprises one of
said first and second active areas having a gate having a higher work
function than said gate in the other of said active areas to conplete

format| o id of dual-netal 30 gate CMOS transistors in the fabrication of
Locess.

an int%%r%t d crrcuit. 23. The nethod according to Caim22 wherein said
dummy gates conprise a first layer of silicon dioxide, a second |ayer of
silicon nitride, and a third layer of polysilicon.

As shown in Fig. 12, the conventional gate
formation process described in the first embodiment can be
used to form the two gates MOx and MOy. The metal layer will
be implanted with two different dosages of oxygen ions to

form these two metal oxide gates having different work

functions.

As shown in Fig. 13, the damascene gate
process described in the second embodiment can be used to
form the two gate MOx and MO+. The gates will each be
implanted with different dosages of oxygen ions to form these

two metal oxide gates having different work functions.

In both Figs. 12 and 13, the gate having the
higher work function will be the PMOSFET and the gate having

the lower work function will be the NMOSFET.

The'process of the present invention provides
three simple, manufacturable dual-metal gate processes. The
conventional CMOS process flow is maintained. The work
function of the gates is simply tuned by the oxidation
process. The dual-metal gates comprise a metal and a metal

oxide, or two metal oxides having different work functions.

18



24. *The nmethod according to Caim 22 wherein said step of renoving said
dummy gates conprises one of the group containing: wet etching, dry
etching, and a conbination of wet and dry etching. 25. The nmethod accordi ng
to Claim22 wherein said gate dielectric |ayer conprises one of the group
containing silicon dioxide, nitrified silicon dioxide, silicon nitride, and
a conbi nation thereof. 26. The nmethod according to Caim 22 wherein said
gate dielectric |ayer conprises one of the group containing zirconium

oxi de, haf ni um oxi de, al um num oxi de, tantalum 28 pent oxi de, barium
strontiumtitanates, and crystalline oxides 27. The method according to

G ai m g, V‘{H&Eﬁ%l o§§‘ag HE%%g ﬁ%gl UESHBE' koi'!ﬁn%f%gﬁe h&‘i“%eﬁg%te%' ni ng

ruthentum 1ri m and r enlunl e net accordi ng

to O afsp 2@h@hﬁwx@sngéeédaﬁar%eomwsm bQE%eah%v'lHB' 3Rked olerd wkage of

.- bet ween about 1ons/cnz and an energy of between about 1

and 50cke¥ridd- wile BBt Hedaaceer ¢heIniesCyak@.22' wherein said second oxygen
ions are inplanted at a dosage of between about 1 E 16 and 1 E 17 ions/cn®

and an energy of between about 1 and 50 KeV. 30. The nethod according to
Claim 22 wherein said steps of oxidizing said inplanted netal |ayer

conpri ses one of the Whalp ahe darealting hasabeeneparddsulanigal ing in an
oxygen anbi ent, and pl asrma assi sted oxidati on and wherein said annealing is
per f or #hdwhnavdedekcribegr wighofrefaremaeade phecesefegneghi d t her mal
process, and a |aser process. 29 31. A dual-netal gate CMOS integrated
C|rCU'ng@@p@gnggnﬁhpgpﬁé it will be understood by those skilled

in the art that various changes in form and details may be
made without departing from the spirit and scope of the

invention.

What is claimed is:
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an NMOS active area and a PMOS active area of a sem conductor substrate
separated by isolation regions; 5 a netal gate in said NMS active area
over a gate dielectric layer; and a netal oxide gate in said PMOS active
area over a gate dielectric layer wherein said netal in said netal gate is
the same material as said netal in said netal 10 oxide gate and wherein
said netal oxide gate has a higher work function than said netal gate. 32.
The device according to Caim31 wherein said gate dielectric |ayer
conprises one of the group containing silicon dioxide, nitrided silicon

di oxide, silicon nitride, and a conbination thereof. 33. The device

accordi ng tq Clal i i e diele i Mo S d§6Ss one of
t he group cgrit Qi h?r%%gwggﬁo&n@gfgégelhggrﬁulm%a{gé(:jed,bﬁ%ﬁutm' numéoxi de,

tant al um peRnhotnde £ ApatidaP ity YH liwBdgriaAnal esir ANtk £t dd 1igy oxi des. 34,
The device according to Caim31 wherein said netal |ayer conprises one of

t he group cont ai myuyiditerd Wrs3) and rd deagond s tine rdwsh unf @and r heni um
35. A dual-netal gate CMOS integrated circuit device conprising: an NMOS
active areasamd @M artsubstarsd®e femrsaird dyuct@ratsiubst red eosepar at ed
by isolation regions; 5 a nmetal gate in said PMOS active area over a gate
di el ectdri c “hesreimmne detsidbddelymtareas sai il VO dMPS cae@aavder a

the other of said active areas will be an NMOS area;
forming a gate dielectric layer overlying said
semiconductor substrate in each of said active areas;
depositing a metal layer overlying said gate
10 dielectric layer;
implanting oxygen ions into said metal layer in
said first active area to form an implanted metal

layer and oxidizing said implanted metal layer to form a

metal oxide layver; and

15 thereafter patterning said metal layer and said
metal oxide layer to form a metal gate in said second
active area and a metal oxide gate in said first
active area wherein said PMOS area comprises one of
said first and second active areas having a gate

20 having a higher work function than said gate in the
other of said active areas to complete formation said of
dual-metal gate CMOS transistors in the fabrication of

an integrated circuit.
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gate dielectric layer wherein said netal in said netal gate is the sane
material as said netal in said netal 10 oxide gate and wherein said netal
gate has a higher work function than said nmetal oxide gate. 36. The device
according to Claim35 wherein said gate.dielectric |ayer conprises one of
the group containing silicon dioxide, nitrided silicon dioxide, silicon
nitride, and a conbination thereof. 37. The device according to Caim 35
wherein said gate dielectric |layer conprises one of the group containing

zi rconi um oxi de, hafni um oxi de, al um num oxi de, tantal um pentoxi de, barium
strontiumtitanates, and crystalline oxides. 31 38. The device according

to O ai m 352whengi Retfbl BBEBkdiayeitoCeTRiinSes wdkeelh 8 e contai ni ng
ruthenium iridium osmum rhodium and rhenium 39. A dual-netal gate

CMOS i ntegratellectitui Lageyi cemp@ipeisSong: odn tOGratl wentiadaiard a PMOS
active area of a sem conductor substrate separated by isolation regions; 5
a first netallaxpdedgakédien sdited iNMOSsddtiicnn adriexideor sdlgatee di el ectric

| ayer; and a _second netal oxide gate in said PMOS active area over a gate
di el ectri c Pa}&idfhePBEN 3s goALGERAL O their@ofi-r st netal oxide gate is the
same material as said 10 netal in said second netal oxide gate and wherein
the concentration of said oxide in said first netal oxide gate is different
fromsaid the G ncentration of said oxide.n_sai.d second .netal, oxide gate

e cgoréﬁl 1{}?

and wher ei n“sai-d'Ss e Wale WL T Ry Wt 194S i on than 15

said first %ﬁ%ﬁ%é@@f%aféig% comprises one of the group containing
zirconium oxide, hafnium oxide, aluminum oxide,
tantalum pentoxide, barium strontium titanates, and

crystalline oxides.

4. The method according to Claim 1 wherein said metal
layer comprises one of the group containing ruthenium,

iridium, osmium, rhodium, and rhenium.

5. The method according to Claim 1 wherein said oxygen
ions are implanted at a dosage of between about 1 E 15

and 1 E 17 ions/cm®?® and an energy of between about 1 and

50 KeV.

6. The method according to Claim 1 wherein said step of

oxidizing said implanted metal layer comprises annealing
in an inert gas and wherein said annealing is performed

in one of the group of: a furnace process, a rapid

thermal process, and a laser process.
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40. *The device according to Caim39 wherein said gate dielectric |ayer
conpri ses one of the group containing silicon dioxide, nitrided silicon

di oxide, silicon nitride, and a conbination thereof. 32 41. The devi ce
according to Claim39 wherein said gate dielectric |ayer conprises one of

t he group containing zirconium oxi de, hafnium oxide, alum num oxi de,

tant al um pentoxi de, bariumstrontiumtitanates, and crystalline oxides. 42.
The device according to Caim39 wherein said netal |ayer conprises one of
t he group containing ruthenium iridium osmum rhodium and rhenium 33
.AF. AF2. A; 32. Aa3E. A; I . A3l . A" .ASa Y.AGN | .A(YI.A@ |.A ( Y.A A 2.Au E A

B ACYEA Y'A.[AYméESodAb¥ forming dual-metal gate CMOS transistors
in the fabrication of integrated circuits comprising:
providing a first and a second active area of a
semiconductor substrate separated by isolation regions
5 wherein one of said active areas will be a PMOS area and
the other of said active areas will be an NMOS aresa;
forming a dummy gate in each of said active areas;
covering said dummy gates with a dielectric layer;
planarizing said dielectric layer whereby a top
10 surface of each of said dummy gates is exposed;
removing said exposed dummy gates leaving gate
openings to said semiconductor substrate;
forming a gate dielectric layer 'overlying said
semicondudtor substrate in each of said gate openings;
15 depositing a metal layer within said gate openings
to form metal gates; and’
implanting oxygen ions into said metal gate only in
said first active area to form an implanted metal gate
and oxidizing said implanted metal gate to form a metal
20 oxide gate in said first area and a metal gate in said
second active area wherein said PMOS area comprises one
of said first and second active areas having a gate
having a higher work function than said gate in the
other of said active areas to complete formation said of

25 dual-metal gate CMOS transistors in the fabrication of
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nitride, and a combination thereof.

11. The method according to Claim 7 wherein said gate
dielectric layer comprises one of the group containing
zirconium oxide, hafnium oxide, aluminum oxide, tantalum
pentoxide, barium strontium titanates, and crystalline

oxides.

12. The method according to Claim 7 wherein said metal

layer comprises one of the group containing ruthenium,
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13. The method according to Claim 7 wherein said oxygen

ions are implanted at a dosage of between about 1 E 15

and 1 E 17 ions/cm?® and an energy of between about 1 and

50 KeV.

14. The method according to Claim 7 where;n said step of
oxidizing said implanted metal layer comprises annealing
in an inert gas or vacuum wherein said annealing is
performed in one of the group of: a furnace process, a

rapid thermal process, and a laser process.

15. A metﬁod of forming duai-metal gate CMOS transistors
in the fabrication of integrated circuits comprising:
providing a first and a second active area of a
semiconductor substrate separated by isolation regions
5 wherein one of said active areas will be a PMOS area and
the other of said active areas will be an NMOS area;
forming a gate dielectric layer overlying said
semiconductor substrate in each of said active areas;
depositing a metal layer overlying said gate
10 dielectric layer;
implanting first oxygen ions into said metal layer

in said first active area to form an implanted metal
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layer and oxidizing said implanted metal layer to form a
first metal oxide layer;

15 implanting second oxygen ions into said metal layer
in said second active area to form an implanted metal
layer and oxidizing said implanted metal layer to form a
second metal oxide layer wherein said first metal oxide
layer has a different oxygen concentration from said

20 second metal oxide layer; and

thereafter patterning said first and second metal
oxide layers to form a first metal oxide gate in said
first active area and a second metal oxide gate in said
second active area wherein said PMOS active area

25 comprises one of said first and second active areas
having a gate having a higher work function than said
gate in the other of said active areas to complete
formation said of dual-metal gate CMOS transistors in

the fabrication of an integrated circuit.

16. The method according to Claim 15 wherein said gate
dielectric layer comprises one of the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

17. The method according to Claim 15 wherein said gate

dielectric layer comprises one of the group containing
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zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystalline

oxides.

18. The method according to Claim 15 wherein said metal
layer comprises one of the group containing ruthenium,

iridium, osmium, rhodium, and rhenium.

19. The method according to Claim 15 wherein said first
oxygen ions are implanted at a dosage of between about

1 E 15 and 1 E 16 ions/cm® and an energy of between

about 1 and 50 KeV.

20. The method according to Claim 15 wherein said second
oxygen ions are implanted at a dosage of between about
1 E 16 and 1 E 17 ions/cm?® and an energy of between

about 1 and 50 KeV.

21. The method according to Claim 15 wherein said steps
of oxidizing said implanted metal layer comprises
annealing in an inert gas wherein said annealing is
performed in one of the group of: a furnace process, a

rapid thermal process, and a laser process.
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22. A method of forming dual-metal gate CMOS transistors
in the fabrication of integrated circuits comprising:
providing a first and a second active area of a
semiconductor substrate separated by isolation regions
5 wherein one of said active areas will be a PMOS area and
the other of said active areas will be an NMOS area;
forming a dummy gate in each of said active areas;
covering said dummy gates with a die;ectric layer;
planarizing said dielectric layer whereby a top
10 surface of each of said dummy gates is exposed;
removing said exposed dummy gates leaving gate
openings to said semiconductor substrate;
forming a gate dielectric layer 'overlying said
semiconducior substrate in éach of said gate openings;
15 depositing a metal layer within said gate openings
to form metal gates;
implanting first oxygen ions into said metal gate
only in said first active area to form an implanted
metal gate and oxidizing said implanted metal gate to
20 form a first metal oxide gate in said first active area;
and
implanting second oxygen ions into said metal gate
only in said second active area to form an implanted
metal gate and oxidizing said implanted metal gate to

25 form a second metal oxide gate in said second active
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area wherein said PMOS active area comprises one of said
first and second active areas having a gate having a
higher work function than said gate in the other of said
active areas to complete formation said of dual-metal

30 gate CMOS transistors in the fabrication of an

integrated circuit.

23. The method according to Claim 22 wherein said dumnmy
gates comprise a first layer of silicon dioxide, a
second layer of silicon nitride, and a third layer of

polysilicon.

24. The method according to Claim 22 wherein said step
of removing said dummy gates comprises one of the group

containing: wet etching, dry etching, and a combination

of wet and dry etching.

25. The method according to Claim 22 wherein said gate

dielectric layer comprises one of the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

26. The method according to Claim 22 wherein said gate
dielectric layer comprises one of the group containing

zirconium oxide, hafnium oxide, aluminum oxide, tantalum
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pentoxide, barium strontium titanates, and crystalline

oxides.

27. The method according to Claim 22 wherein said-metal
layer comprises one of the group containing ruthenium,

iridium, osmium, rhodium, and rhenium.

28. The method according to Claim 22 wherein said first
oxygen ions are implanted at a dosage of between about

1 E 15 and 1 E 16 ions/cm® and an energy of between

about 1 and 50 KeV.

29. The method according to Claim 22 'wherein said second
oxygen ions are implanted at a dosage of between about

1 E 16 and 1 E 17 ions/cm?® and an energy of between

about 1 and 50 KeV.

30. The method according to Claim 22 wherein said steps
of oxidizing said implanted metal layer comprises one of
the group of: annealing in an inert gas, annealing in an
oxygen ambient, and plasma assisted oxidation and
wherein said annealing is performed in one of the group

of: a furnace process, a rapid thermal process, and a

laser process.
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gate is the same material as said metal in said metal
10 oxide gate and wherein said metal oxide gate has a

higher work function than said metal gate.

32. The device according to Claim 31 wherein said gate
dielectric layer comprises one of the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

33. The device according to Claim 31 wherein said gate
dielectric layer comprises one of the group containing
zirconium oxide, hafnium oxide, aluminum oxide, tantalum
pentoxide, barium strontium titanates, and crystalline

oxides.

34. The device according to Claim 31 wherein said metal

layer comprises one of the group containing ruthenium,
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a metal oxide gate in said NMOS active area over a

gate dielectric layer wherein said metal in said metal
gate is the same material as said metal in said metal
10 oxide gate and wherein said metal gate has a higher work

function than said metal oxide gate. -

36. The device according to Claim 35 wherein said gate
dielectric layer comprises one of the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

37. The device according to Claim 35 wherein said gate
dielectric layer comprises one of the group containing
zirconium oxide, hafnium oxide, aluminum oxide, tantalum
pentoxide, barium strontium titanates, and crystalline

oxides.
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comprising:
an NMOS active area and a PMOS active area of a
semiconductor substrate separated by isolation regions;
5 a first metal oxide gate in said NMOS active area
over a gate dielectric layer; and
a second metal oxide gate in said PMOS active area
over a gate dielectric layer wherein said metal in said
first metal oxide gate is the same material as said
10 metal in séid second metal oxide gate and wherein the
concentration of said oxide in said first metal oxide
gate is different from said the concentration of said
oxide in said second metal oxide gate and wherein said

second metal oxide gate has a higher work function than

15 said first metal oxide gate.

40. The device according to Claim 39 wherein said gate
dielectric layer comprises one of the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.
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dielectric layer comprises one of the group containing

zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystailine

oxides.

42. The device according to Claim 39 wherein said metal
layer comprises one of the group containing ruthenium,

iridium, osmium, rhodium, and rhenium.
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