A DUAL METAL GATE PROCESS: METALS AND THEIR SILICl DES RELATED PATENT
APPLI CATION U. S. Patent Application Serial # 09/981,416 to the sane
inventors, filed on Cctober 18, 2001 , now issued as US Patent Nunber

6, 458, 695. BACKGROUND OF THE | NVENTION (1) FIELD OF THE | NVENTI ON The
present invention relates to the fabrication of integrated circuit
devices, and nore particularly, to a nethod of fabricating dual-netal
transi stors having different work functions in the fabrication of
integrated circhit8r (PPLOESERIPTEEN B PRIEREART F1755% ant i ci pat ed
that a single netal gate with raid-gap work function values will not be
suitable for CMOS applications due to buried channel effects. By using a

single nmetal gate for both NMNSEET-apeh RMOSKHET;oit he threshold vol tage
beconmes too high for both types of transistors. In order to achieve a

| ower threshold voltagetreaddptiionalon spliantfatporsli $1a equineeckrand this wl |
result in buried channel effects. The short channel effect control wll
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functions, additional inplantation is not required. That is, one electrode
with a lower work function will be wused in the NMOSFET whil e anot her

el ectrode with a higher wosdexErmighi @noid Ithvberysed for the PMOSFET. That

nmeans t hat
(1) FIELD OF THE INVENTION
The present invention relates to the fabrication of integrated
circuit devices, and more particularly, to a methed of fabricating dual-metal
transistors having different work functions in the fabrication of integrated

cilrcuits.

{2) DESCRIPTION OF THE PRICR ART

Tt 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 NMOSKFET and PMOSFET, the
threshold voltage becomes too high for both types of transistors. In order to
achieve a lower thresheld voltage, additional implantation is required and this
will result in buried channel effects. The short channel effect control will

then be degraded. However, with dual metal gates having different




be tail ored
| tage for NMOSFET and PNCSFET can _
Fggetgagzgﬁls.vft ig desired to maintain the conventhgnig7 Eﬁ(ﬁgfgﬁgfszt N
;I mpin the dual netal gate process. U S. Patent 6,0 , Lo Gardner el a

h0 a process for formng dual gates where one gate is F ay LLeon and
fhgmﬁther gate is netal. U S. Patent 5%960£270 ;thIS{g uged L discloses

ei m d-gap work function

pagcgsgarggrebnsthgafggf 6 083p836 to Rodder teaches a dumry gate process
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where two gates are forned. For exanple, one gate is polysilicon and t

; . i for
; : i invention is to provide a process
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process for formng fual - meta ?a. egrated circuits. Another object of the
functions workheuntabbhCatinanpel WPt §4 Ll eults, Anoths means that

invention is to provide
the threshold voltage for NMOSFET and PMOSFET can be tailored
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 gne gate is polysilicon
and the other gate is metal. U.s. Patent 5,960,270 to Misra
et al discloses a brocess wherein the same mid~gap work
function metal is used for both n- and P-gates. U.S. Patent
6,083,836 to Rodder teaches a dummy gate process where two
gates are formed. For examplé, One gate is polysilicon and
the other is aluminum. U.S. Patent 6,051,487 to Gardner et

al teaches a dumny gate brocess using a polysilicon or a

metal gate.
éUMMARY 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.




a process for formng dual-netal gate CMOS transistors where one gate
conprises a netal and the other gate conprises the netal's silicide. Yet
anot her object of the invention is to provide a process for formng

dual -nmetal gate CMOS transistors conprising a netal and the netal
silicide. Astill further object of the invention is to provide a process

for formng dual-netal gate CMOS transistors conprising a first netal
silicide and a second netal silicide wherein the netal is the sane in both
gates and the silicide concentration is different. In accordance with the
objects of the invention, a.nethod for form ng dual-nmetal gate CMOS
transistors is achieved. Pt rsitEhRr sdebaet aet i Viee at easnf o@ i §epi conduct or

substrate arg Separa by..isolation regions. One of the active areas w ||
be PMOS and the ot ﬁe%%%ﬁ%’ssoefo% N 09 ghitasl et e tadice l@yes i s for med

overlying thenss@mLeN .Qr substrate in each of the active areas. A netal
| ayer is deposited ove?#ﬁ%é%?t¢g¥%ﬁﬁ%9§ﬁWﬂﬁﬁnﬁqﬁﬁﬂkgnﬁ.inSﬁHécon ions are

i mpl ant ed Fabeithe iegt alr kayer . Jn the PMOS area to forman inplanted netal
| ayer and the inplanted nétalgﬁ%%ﬁélqﬁg%HHQ%ﬁded to forma metal silicide

| ayer.

Another object of the invention is to provide
a process for forming dual-metal gate CMOS transistors where
one gate comprises a metal and the other gate comprises the

metal's silicide.

Yet another object of the invention is to

provide a process for forming dual-metal gate CMOS

transistors comprising a metal and the metal silicide

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

and the silicide concentration isg different.

in accordance with the objects of the

invention, a method for forming dual-metal gate CMOS

transi i i i
stors is achieved. First and second active areas of a

semi
conductor substrate are separated by isolation regions

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




Thereafter, the netal |ayer and the netal SLIicidetl?yg{lﬁgsdepggtgr?ﬁdato
: i i i a and a neta
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ina layer is silicided to form a metal siiicide layer.
Thereafter, the metal layer and the metal silicide layer are
patterned to form a metal gate in a first active area and a
metal silicide gate in a second active area to complete
formation of dual-metal gate CMOS transistors in the
fabrication of an integrated circuit. The metal silicide 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.

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 isclation 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 dgmmy gates are removed, leaving

gate openings to the semiconductor substrate. A gate
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i mpl anted in heoi malanted ietal Layer is silicided to
inplanted fretat hayeveapdehhesi pplante implanted metal gate. The
implanted metal gate is silicided to form a metal silicide
gate in the first active area Lo complete formation of dual-
metal gate CMOS transistors in the fabrication of an
integrated circuit. The metal silicide 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.

Also, in accordance with the objects of the
invention, a third method fof 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 gate dielectric layer is formed overlying the
semiconductor éﬁbstrate in each of the active areas. A metal
layver is deposited‘overlying the gate dielectric layer.
First silicon ions are implanted into the metal layer in a
first active area to form an implanted metal layer and the
implanted metal layer is s;licided to form a first metal

silicide layer. Second silicon ions are implanted into the




forma second netal silicide |ayer wherein the silicon _concentrg;;ggt:gn
g cond netal silicide |ayer is higher than the silicon corc mratio

F etﬁg first metal silicide layer. Thereafter, the first ne;a nfg Lol de
:n er and the second netal silicide |ayer are patterned to_l_oride st
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metal layer is 6
layer. Thereafter, the first metal silicide layer and the
second metal silicide layer are patterned to form a first
metal silicide gate in the first area and a second metal
silicide gate in the second area to complete formation of
dual-metal gate CMOS transistors in the fabrication of an

integrated cirecuit. 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 methog fof forming duval-metail 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 gateé-are covered with a dielectric layer which is
pPlarnarized whereby a top surface 0f 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

substrate in each of the gate openings. A metal layer is
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dielectric |layer wherein the netal in the netal g

as t he neta?rg implanted into the metal gate in the second active area

to form an implanted metal gate and the implanted metal gate

is silicided to form & second metal silicide dgate wherein the

silicon concentration in the second metal silicide gate is
different from the silicon concentration in the first metal
silicide gate 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 dual-metal gate CMOS integrated circuit device
is achieved. The device comprises first and second active
areas of a semiconductor substrate Separated by isoclation
regions. One of the active areas will be PMOS and the other
will be NMOS. & metal gate in the first active area overlies
& gate dielectric layer, and a metal silicide gate in the
second active area overlies a gate dielectric layer wherein
the metal in the metal gate is the same material as the metal

in the metal silicide gate. The metal silicide may have a




in the netal silicide gate. The netal silicide may have a 7 higher or |ower
wor k function depending on the netal used. The PMOS gate will be forned
fromthe gate having the higher work function. Al so, in accordance with
the objects of the invention, another dual-nmetal gate CMOS integrated
circuit - device is achieved. The device conprises first and second active
areas of a sem conductor substrate separated by isolation regions. One of
the active areas will be PMOS and the other will be NMOS. A first netal
silicide gate in the first active area overlies a gate dielectric |ayer,

and a seconégfet-alShhigid te in the second active area overlies a
gate di el ect ric ayer \lghhgrreielr?%t%hglﬁ?&t&loq ReEfnding gat dshd snetidie sane, et al

and the silitrenpgonceat-ratl [ ifferent in each of the two gates. The
PMOS gate will be for%rres %’rg?n ;D%e Oﬁﬁ‘teél I‘T&@F“n&lleh@aﬁiegﬂn@wim@r ke Helnigitg Hat:

BRI EF DESCRk@TkORuE+THE DRAW NGS I n the acconpanying drawi ngs formng a
material part of this description, there is showm: Figs. 1 through 5 are
cross-sectional representations of a first preferred enbodi mrent of the

present invention.
Also, in accordance with the objects of the

invention, another dual-metal gate CMOS integrated circuit

device i i i
€ 1s achieved. The device comprises first and second

active areas of a semiconductor substrate separated by

1solation regions. One of the active areas will be PMOS and

the other will be NMOS. A first metal silicide gate in the

fi i i
rst active area overlies a gate dielectric layer, and a
r

se 1lici i

cond metal silicide gate in the second active area overlies
a gate dielectric layer wherein the metal in the two gates is
th i1

€ same metal and the Silicon concentration is different in

e
ach of the two gates. The PMOS gate will be formed from the

gate having the higher work function.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a

material part of thig description, there is shown:

Figs. 1 through 5 are Cross~sectional

representations of a first-preferred embodiment of the

bPresent invention.




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

EMBODI MENTS The present invention uses a netal and its netal silicide to
formdual -netal gates having different work functions. In one enbodi nent,
two different silicides of the netal are used as the dual-netal gates. It
wi || be understood by those skilled in the art that the invention should

not be limted to the enbodymnt crihe erein, but can be extended
and applied to any applicat ilggi ?ﬁ%%ué}??lfsa’ﬁ%s?lf%‘%ﬁﬁﬁ%ﬁi/@mbt al gates
havi ng di f f eriprg 8@t + fametdons. o oL i.rst.enbodi nent of the invention
will be described with reference to H &?Efl‘?%lfe#k%“m*érﬂ%dth@nt of

t he inventi pmewichlt heiwdescrdped with reference to Figs. 6-11. The third
enbodi nent of the invention will be described with reference to Figs. 12

and 13. 9 Referring nowto Figs. 1-5, the first

Figs. 12 and 13 are Cross—~sectional
representations of two alternatives of a third preferred

embodiment of the present inventiocn.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention uses a metal and its
metal silicide to fornm dual-metal gates having different work
functions. In one embodiment, two different silicides of the
metal are used as the dual-metal gates. It will be
understood by those ‘skilled in the art that the invention
should not be limited to the embodiments described hexein,
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




preferred enbodi nent of the present invention will be described. Referring
now nore particularly to Fig. 1, there is shown a sem conductor substrate
10. This is preferably nonocrystalline silicon. Isolation regions, such as
shallow trench isolation (STI) 12, are fornmed in the substrate to

separate active regions. NNwells and P-wells, not shown, may be forned
within the substrate, as is conventional. Punchthrough and threshold

vol t age adj ustnent inplantations, not shown, are made as is conventional in
the art. { A gate dielectric layer 14 is grown or deposited over substrate
to a thickness of between ai%)eoyt 15 and 150 Angstroms. For exanple, the
dielectric layer may be a Tow dieledTY ctednsdantInt eilial fsueh as silicon
di oxi de, nNigklirded- 3§ | .nﬁ)(?:ﬂi‘ i.Qxi de ilicon nitride, or their conbinations.
Al ternative yé theecsiii ee{ ect rl?dceqﬂayoei; §y PSP Yhv e el @etwikl demst ant  gate
dielectric gaken; uC 2 [ .um oxi de, hafni um oxi de, alum num

oxi de, tantal um l?gr?tsoximc%%rbérrl{qi%{%f FEIS AT Y Hhd g y st al there

oxi de. Ref ek BRoR@Wt @,eﬁjig)on%}ucamﬂ;etsq{bgtalyaecr%é&j ;@f%giesgg%er t he]r gate
e e

dielectric layer to a thickness of between a _ ST10nE.

Iggogea SI | apabclestry 1ike fanned, by S’L@btlta{?‘r_rj!6}9’:::*eegv:fJl ] ,atsluoc% a?shesrga?lallow
trench isolation (8TI) 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.

A gate dielectric layer 14 is grown or
deposited over substrate to @ thickness of between about 15
and 150 Angstroms. For example, the dielectric layer may be
a low dielectric constant 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, hafrnium 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 500 and 3000 Angstroms. The metal layer 16 may

be formed by Sputtering, evaporation, chemical vapor

10




deposition (CVD), or electroplating. The deposited netal can be platinum
titanium nickel, cobalt, tantalum nolybdenum tungsten, zirconium
haf ni um vanadi um palladium or chromium Now, the nmetal |ayer is masked
20, as shown in Fig. 3, to expose a region where the netal will be
silicided. Silicon ions are inplanted 24 into the netal |ayer 16 where it
ins not covered by the mask 20. Silicon ions are inplanted wth 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 inportant that the masking layer is thick enough to

protect the dewesiyiog (gebal LayerekiepLhapkantation. .The silicidation
process is now to be acconplished gy agﬁggpﬁﬁg’in&g ARBPE1G8E ARbPdncan

Anneal i ng cdve bel petfenpeditanaukyr AaERe ]! apbat her ess R), or
| aser system The phot onask must be renpved priof ?gkgﬁggéfiﬁﬁﬁg§d Ram,

inert gas. Bigeheled mbratnien) ona2Bius, t NenkESULt ?Bligﬁiuﬁilbﬁidation
process. Referring nowto Fig. 4, the netal and nefa silicirde " Tayers, 16

and 28, resp@¥iqWily. are patterned to formgate el ectrodes. A chenica
mechani cal polishing (CWP) process may be applied to achieve
pl anari zation. In one enbodinent, the silicide 28 is patterned to formthe

first Now, the metal layer is masked 20, as shown in
Fig. 3, to expose a region where the metal will be silicided.
Silicon ions are implanted 24 into the metal layver 16 where
it Is not covered by the mask 20. Silicon 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 underlying
metal laver from implantation. The silicidation process is
now to be accomplished by annealing in an inert gas ambient.
Annealing can be performed in.a furnace, |
rapid thermal process (RTP), or a laser system. The

photomask must be removed prior to annealing in the inert

gas. Silicided metal region 28 is the result of the

silicidation process.

Referring now to Fig. 4, the metal and metal
silicide layers, 16 and 28, respectively, are patterned to
form gate electrodes. A chemical mechanical polishing (CMP)
bProcess may be applied to achieve planarization. In one

embodiment, the silicide 28 is patterned to form the first

11




11 gate el ectrode and, subsequently, the nmetal layer is patterned to form
the second gate el ectrode. In another enbodi nent, both gate el ectrodes are
defined and etched at the same tine. The etching can be achieved by
alternating chemstry 1 and chemstry 2 with tinme and using a high
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 silicide and
chem stry 2 having a higher etch rate for the netal, or vice versa. Thus,
netal gates 16 and 28, having different work functions, are realized. The

metal silicigagalieddamy haye ubhhahesnt o, | QYR s K ipp than the
netal gate 16 depending on the netal us%dgyThe PM%S gatggﬁf#lgﬁe the gate

having the phitghemewrio fimet iafe asskdhe NME gpiermbdd . bert he, gat g, having

the |l ower work function. Referring nowto Fig. 5, source/drain regions 30
and si dewal lemiysatigresn 32 eyh b tforabestasdés convedtioana@l and ThecsPacees 32
may conprise either silicon nitride or silicon oxide. Processing continues
as is converticomang rtimve. arthe excepig that 1sé | ach et Db PVEItéNeagat@s 1S
not required. The second preferred enbodi nent of the present invention
will be desEhieFed b hl rasteredmel storfFiYswith Iine 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 silicide and chemistry 2 having a higher etch rate
for the metal, or vice versa. Thus, metal gates 16 and 28,

having different work functions, are realized.

The metal silicide gate 28 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 hay comprise either silicon nitride or silicon
oxide. Processing continues as is conventional in the art,

except that silicidation over the gates is not reguired.

The second preferred embodiment of the present

invention will be described with reference +o Figs. 6-11.
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12 This enbodi nent is a damascene gate process. Referring now nore
particularly to Fig. 6, there is shown a sem conductor substrate 10. This
is preferably nonocrystalline silicon. |Isolation regions, such as shall ow
trench isolation (STlI) 12, are fornmed 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 ustment i nplantations, not shown, are made as is conventional in the
art. Du gates are formed. Afirst layer of silicon oxide 42 is
deposi t ed ToverentiRd Tgysk i ea tdamastiiekaess pfobetweenrabouting and 150
silicon nitride 44 is deposited over the silicon

égiggter ?gsﬁ‘@r% @fﬁ%%qﬁ Bknle ¥ 19 - blet welepr abbuit Sheowand 200ipngsurbos. A

2 Ui cknelBI Hel ukn HOUT SOCPHREESB0DY MARGTFORER L TheedanhyCaAte ot ack
in o Gt T o ul i Sotl L dFaPRCR cgFoRStBon af 61T br hd s
dopost t od"sve Y At U bralel EhoF PBRERES SthbvEobeatobRe dlimy
gates by fefls 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 laver of
silicon oxide 42 is deposited over the substrate to a
thickness of between about 15 and 150 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
is conventional in the art. Now, an interlevel dielectric
layer 58 is deposited over the dummy gates and planarized to

the top of the dummy gates by CMP.

13




13 As shown in Fig. 7, the dummy gates 50 are renoved where they are
exposed by the CMP process. The dummy gates are renoved by wet etching,
dry etching, or a conbination of the two. Now, the dual-netal gates of the
present invention are to be formed. A gate dielectric layer 60 is
deposited or thermally grown on the exposed substrate surface wthin the
gate openings to a thickness of between about 15 and 150 Angstrons, as
shown in Fig. 8. As in the first enbodinent, the dielectric |layer nmay be a
| ow dielectric constant material such as silicon dioxide, nitrided silicon

di oxide, silicon nitrides ehdheiin GNP RAt Qs ' ielectric
constant gate dielectric nateriaﬁjgucgpas’ 2|rcéﬁ#ﬁﬁqgkgggfqﬁgf$¥%n1oxide,

al unmi nunrexged h@@&@l&MEyp%&bD@M$%sé%ﬂﬂj“EH§rdMﬁiﬁﬁBééééﬂnﬂfﬁé éﬂ%%%d
or

crystalline oxide. Referring nowto Fig. 9, a netal layer 62 is
over theggiee direl eemoved dyemwsdD.e B MRBt alryt anainiédy, My He deposited by
sputtering or CVD, for exanple. The deposited netal can be platinum
titani umcomppékeltionolbdl tthe ttamt.al um nol ybdenum tungsten, zirconium
haf ni um vanadium palladium or chromum A CWVP process polishes away the
metal |ayer not within the gate openings, thus conpleting the
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 gate openings to a thickness of between about 15
and 150 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

pentoxide, 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 deposited by sputtering or CVD, for example. The
deposited metal can be platinum, titanium, nickel, cobalt,
tantalum, molybdenum, tungsten, zirconium, hafnium, vanadium,
palladium, or chromium. A CMP process polishes away the
metal layer not within the gate openings, thus completing the

damascene process.
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ene process. 14 Now, as shown in Fig. 10, a photonask 65 is forned
?gnggger tﬁe internetal dielectric layer 58 and the first gate. An opening
is formed in the photomask to expose only the second gate that is to be
silicided. Silicon ions are inplanted 69 by a |ow energy inplanter into
the second gate where it is not covered by the mask 65. Silicon ions are
inplanted with a dosage of between about 5 E 15 to 5 E 17 ions/cn2 and an
energy of between about 1 to 50 KeV. It is inportant that the masking
| ayer is thick enough to protect the first gate frominplantation. After

stripping the photomask Mgy, as ayneal ing Ffepd N Apidehadass®r; & vacuum
is performed to forma silicide fromthe silicon-inplanted metal 72. As
shown i nfPrgedito wetvalr Jditee sinB2 ramet a/12,d i e e i fdarnends waik foct i ons,
are realized. Gate 62 conprises a netal while gate 72 conprises netal
si | ici defirsife 9gdre elPectomsdend tis therdedhier ey koHonsidon vh |é;_q|5>§sé he
PMOSFET while the gate electrode with the lower work function wll be the
NVOSFET. OFhE Wk SPered gadeofthate igatte dleectirlodesiaf. tdiet fddstidnw
[ been nmeasured as shown in

enbOdlnEg%% 2%% anted 69 by a low energy implanter into the second

gate where it is not covered by the mask 65. Silicon 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 in an inert gas or a vacuum is performed to form a

silicide from the silicon-implanted metal 72.

As shown in Fig. 11, metal gates 62 and 72,
having different work functions, are realized. Gate 62
comprises a metal while gate 72 comprises metal silicide.
The gate electrode with the higher work function will be the
PMOSFET while the gate electrode with the lower work function

will be the NMOSFET.
The work functions of the gate electrodes of

the first two embodiments have been measured as shown in

Table 1. The resistivity of almost all metals and their

15




1. The resistivity of alnpost all netals and their 15 silicides is
IﬁgLelomer than the res?stivity of polysilicon. Table 1 gate material work
func (eV) Pt 5.32 - 55 PtSiz "4.62 Ti 3.95- 4.33 TiSiz-438 N 4.5
- 5.3 NSi2 455 Co4.41 - 500 CoSi2-4.52 Ta 4.12 - 4.25 TaSi2
-4.35 No 4.3 - 4.6 MSi2 -4.42 W4.1 - 5.2 WS 2 -4.43 Zr 3.9 - 4.05
ZrSi2 4.33 H NA HS 2 NA

silicides is much lower than the resistivity of polysilicon.

Table 1

gate material work func {eV)
Pt , 5.32 - 5.5
PtSi-= 4,62
Ti 3.95 - 4,33
TiSiz “4.38
Ni 4.5 - 5.3
NiSi= “4.55
Co 4.41 - 5.00
CoSi= “4.52
Ta 4.12 - 4.25
TaSi-= “4.35
Mo 4.3 - 4.6
MoSiz "4.,42
W 4.1 - 5.2
WSiz T4.43
Zr 3.9 - 4,05
Zr8iz “4.33
HEf N/A
HfSi= N/A
v ‘ 4.12 - 4.3
VSi= “4.37
P4 4.8 - 5.22
PASi 4.6
Cr 4.5 - 4.6
CrSi= "4 .41

The dual-metal gate can also be realized by
adjusting the wqu function of the silicides since the work
function of the metal silicides is closely related to the
stoichiometry. That is, one gate electrode will be in the
form of MSix while the other gate electrode will be in the
form of MSiv, where M is a metal which can be platinum,

titanium, nickel, cobalt, tantalum, molybdenum, tungsten,

16




: - 4.3 VSi2"4.37 Pd 4.8 - 522 PdSi -4.6 O 4.5- 4.6 COSi2
Yﬁ%4i2The dual -nmetal gate can also be realized by adjusting the work
function of the silicides since the work function of the netal S|I|C|d_e|sI
is closely related to the stoichionetry. That is, one gate el ectrode w:c
be in the formof Msix while the other gate electrode will be in the orm
of M5iY, where Mis a nmetal which can be platinum titanium nickel,
cobalt, tantalum nolybdenun1 tungsten, 16 zirconium hafnium vanadi um
e wol | o Lev B R o TRt p! SREae B dos e adhenmmepods duson beddr ar ¢ he

’ me
ror dl stod o ﬂpl n al $9 be_used in this third enbodi nent

Bhgftgg?gu%ré@ggag %ng 3L8|ﬁ§%|6 49 ofnd %%ﬂv%n??%g%? @?ié afﬁgﬁ?ﬁﬁon
rm
br 0vese spoehbetih T e (41 Sho SUDOU TN € SaRERaht Edb Rt FOFwbha f  6r ent

gates Msi X and M e netal Tayer
dosages ofixdd IHAN 48ASnd embodiments can also be used in this third

embodiment dual-gate process.

As shown in Fig. 12, the conventional gate
formation process described in the first embodiment can be
used to form the two gates MSix and MSi. The metal layer
can be implanted with two different dosages of silicon ions
to form these two metal silicide gates having different work
functions. For exampie, a first silicon ion dosage of
between about 1 E 15 and 1 E 16 ions/cm® will form a gate
having a lower Work function and é second silicon ion dosage
of between about 1 E 16 and 1 E 17 ions/cm® will form a gate

having a higher work function.

Alternatively, instead of depositing an
elemental metal layer for gate electrode 1, a silicide with a
certain M/Si ratio can be deposited by CVD or sputtering.
This will form the first gate electrode MSix. The
stoichiometry of the second electrode MSiv can be adjusted by
the silicon ion implantation as described with for the first
embodiment. For example, the silicon concentration of the

first gate electrode having a lower work function is between
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to formthese two netal silicide gates having different work functions.

For exanple, a first silicon ion dosage of between about 1 E 15 and 1 E 16
ions/cnm2 will forma gate having a |ower work function and a second
silicon ion dosage of between about 1 E 16 and 1 E 17 ions/cn2 will forma
gate having a higher work function. Alternatively, instead of depositing
an elenental netal |ayer for gate electrode 1, a silicide with a certain
M Si ratio can be deposited by CVD or sputtering. This will formthe first
gate el ectrode Msi x. The stoichionetry of the second el ectrode Msi x can be
adj ust ed BYyouthé Ei Rilcendi dnki Rpl anhaicort anddeser ishedceinth for the first
enbodi nent. For exanple, the silicon concentration of the first gate

el ect r ode“HAGFREratisePtwbhk Bemoridopgaits bébwtendb?habauy & Eidheand 1 E
22 ions/cnB ng the silicon concentration of the second gate el ectrode
having a ‘ﬁ‘?ﬁﬁe UnghiRYf dicPRSNeRPs BbPWseA &bBdt abdE12E and ibnE /2% .0ns/ cnB.
As shown in Fig. 13, the damascene gate process described in the second
enbodi ment can be used to formthe two gates MsSi x and MSi x. The gates w ||
each be inplanted with giffﬁrent_dosa es_of siliconions to form these
two netal silicide gates Ravi'R§ diPfEtBnt IWer khe damascene gate

process described in the second embodiment can be used to
form the two gates MSix and MSiv. The gates will each be
implanted with different dosages of silicon ions to form
these two metal silicide gates having different.work
functions. Again, as an alternative, instead of depositing
an elemental metal layer for gate electrode 1, a silicide
with a certain M/Si ratioc can be deposited by CVD or
sputtering. This will form the first gate electrode MSix.
The stoichiometfy of the second eiectrode MSi~ can be
adjusted by the silicon ion implantation as described with

for the second embodiment.

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 silicidation
process. The dual-~metal gates comprise a metal and a metal
silicide, or two metal silicides having different work
functions. The metal silicide having the higher work

function will be used for the PMOS gate and the metal
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functions. Again, as an alternative, instead of depositing an elenental
netal |ayer for gate electrode 1, a silicide with a certain MSi ratio can
be deposited by CVD or sputtering. This will formthe first gate el ectrode
M5i x. The stoichiometry of the second el ectrode Msi x can be adjusted by
the silicon ion inplantation as described wwth for the second enbodi nent.
The process of the present invention provides three sinple, manufacturable
dual -netal gate processes. The conventional CMOS process flowis
naintained.hThe work function of the gates is sinply tuned by the

si i ci dat Bdhicpriecessinfhehduabwa®t gl gat i a,net al a neta
silicide, or two netal silicides haviﬁgagﬁéﬁgﬁgﬁ‘%@%&1ﬂ$ﬁﬁ%ng%§f14%%
met al si | ¥¥Pdeghseing the higher work function will be used for the PMOS
gate and the netal 18 silicide having the | ower work function will be used
for the NMOS gate. Wiile the invention has been particularly shown and
described with reference to the preferred enbodinents thereof, it wll be
understood by those skil FBdlej fhehénaentibat haar bews ghanges 1iai1for m and
details ”@%093 aggdge§é£9ggé gggarting fromthe spirit and scope of the

h reference to the preferred
embodiments thereof, 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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invention. Wat is claimed is: 19 1. A method of form ng dual -netal ggte
CMOS transistors in the fabrication of integrated circuits conprising:
providing a first and a second active area of a sem conductor subs;{?tg .
separated by isolation regions 5 wherein one of said active areas Wi e
PM3S area and the other of said active areas will be an NMOS area; _
formng a gate dielectric layer overlying said sem conductor subspgatetlnlo
each of said active areas; depositing a netal |ayer overlying sai ga_g
dielectric layer; inplanting silicon ions into said netal layer in sai

. . e di d
first active aleaatmethbom ap EophangedullBLabrhayghteaPfosi .Gl ding sal
ih%lanted netal layer to forma netal silicide ?ayer; and Eg ghggggﬁter

patterning saiihnebal fhlayecaandnsek dintByaheshl LekdgiLayernb;Lon :anEtgl
gate in said second active area and a nmetal silicide gate I'n sai irs g
active area wherei nosevédPMPSaaf eastoandi seseosfd abtsabdatbhstrand 3600[‘
active areas having a gate 20 having a higher work function than said gate
in the semiconductor substrate separated by isclation 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 silicon ions into said metal layer in
said first active area to form an implanted metal layer
and siliciding said implanted metal layer to form a
metai siliéide layer; and
15 thereafter patterning said metal layer and said

metal silicide layer to form a metal gate in said

second active area and a metal silicide 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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other of said active areas to conplete formation said of dual-netal gate
CMOS transistors in the fabrication of an integrated circuit. 20 2. The
met hod according to Claim1l wherein said gate dielectric layer is selected
fromthe group containing silicon dioxide, nitrided silicon dioxide,
silicon nitride, and a conbination thereof. 3. The nethod according to
Claiml wherein said gate dielectric layer is selected fromthe group
contai ning zirconium oxi de, hafnium oxi de, al um num oxi de, tantal um

pent oxi de, bariumstrontiumtitanates, and crystalline oxides. 4. The

net hod accordi Ag TheChaitiod whewelal nsaid, mtal, 1 ayer.J.s, selected fromthe
group containing platinum titaniu#?anicke%;n&&b%ﬁﬁrﬁﬁﬂu%ﬂﬁﬂngQEﬂybdenum

tungsten, zirconplarthatnilagervaradiey@erRal radi U, a chrom.um_ 5. The
met hod according to Caim31 wherein said siIiconmheo%gogPeQQﬂﬁ%%ﬂﬁﬁﬁ'at a

dosage of betweehiaboutlibxEde5 naneiBeld L7 1i:0Rs/ ¢%.aRd a%i.Q%%gy of
between about 1 and 50 KeV. 6. The method according to’daim T wherein
said step of ©nitride, and a combination thereof.

3. The method according to Claim 1 wherein said gate
dielectric layer is selected from 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 is selected from the group containing platinum,
titanium, nickel, ccohalt, tantalum, molybdenum,

tungsten, zirconium, hafnium, vanadium, palladium, and

chromium.

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

and 5 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
siliciding said implanted metal layer comprises

annealing in an inert gas and wherein said annealing is
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siliciding said inplanted metal |ayer conprises annealing in an ;pe;t gas
and wherein said annealing is 21 perforned |3 onFagLrtgfog;ggp g 'A thod
ce process, a rapid thermal process, and a _ ss. 7.
L?r?grniﬁg dual -nmetal gate CMOS transistors ;n t he fgbrlcgéggg gitive o en
i i i i Sing: iding a first and a s _
integrated circuits conprising: provi _ : _ ond active ar
1 by isolation regions .
of a sem conductor substrate separated .
[ [ i d the other of said active
aid active areas will be a PM3XS area an ( _ _
gIeZs will be an NMOS area; formng a dunmy gate in each of said active

i j i I ic.layer; planarizing
: eri e thenyy Gat €se Wi dh lggtric
2;?gsaiefggtriggiayer whereby a top 10§§ﬁr}§é% of® eACH S ST ATy 2 gat es

5, GRS, erpi s e osad U GRS EAGARL e nen ngs Lo
:g:g Sgghfggggﬁéfgrsgu;straté in each of said gate openings; 15ddeposit|ng
a metal layer within said gate openings to formmetal gates; and o
i mpl anting’ sil i’coft FERRANICE Faimhimet aluagatietofll Yatd @md 48 AGLLY
area to forn]agnlqgga%%%gig%%%gn 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 dielectric layer:;
planarizing said dielectric layer whereby a top
10 surface of each of said dumnmy gates is exposed;
removing said exposed dﬁmmy gates leaving gate
openings to said'semiconductor substrate;
forming a gate dielectric layer overlying said
semiconductor substrate in each of said gate openings;
15 depositing a metal layer within said gate openings
to form metal gates; and
implanting silicon ions into said metal gate only
in said first active area *o form an implanted metal
gate and siliciding said implanted metal gate to form a
20 metal silicide gate in said first active area wherein

sald PMOS area comprises one of said first and second

active areas having a gate having a higher work function
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gate and siliciding said inplanted netal gate to forma 20 netal silicide
gate in said first active area wherein said PMOS area conprises one of
said first and second active areas having a gate having a higher work
function 22 than said gate in the other of said active areas to conplete
formati on said of dual-nmetal gate CMOS 25 transistors in the fabrication of
an integrated circuit. 8. The nmethod according to Caim?7 wherein said
dummy gates conprise a first layer of silicon dioxide, a second |ayer of
silicon nitride, and a third layer of polysilicon. 9. The nmethod according

to Caim7 wherdian ss il sdaeipe ofn fiea0VE s@j s_is selected from
the group containing: wet etching, drymgﬁcﬁ$g%gygg%cgf%on%Fﬁ3§i R of wet
and dry et chi ng:omg0le thhef amtaoithmceordi g dea A @dmy é{@@é e¢ﬁo§ai d gate
dielectriéllayer is selected fromthe group containing Silicon dioxide,

ni trided S i coif O ERES sinl iGom Fatht Tdalej oransle aae ONDEARLL Of t Dergof 11,
The met hod according to Caim7 wherein said gate dielectric |ayer 1s’
selected fromthe group containing zirconium oxide, hafnium oxide,

al um num oxi deg tantal u
8.t #NenidPhoa according to Claim 7 wherein said Gummy

gates comprise a first layer of silicon dioxide, a

second layer of silicon nitride, and a thirga layer of

polysilicon.

9. The method according to Claim 7 wherein said step of
removing said dummy gates is selected from the group

containing: wet etching, dry etching, and a combination

of wet and dry etching.

10. The method according to Claim 7 wherein said gate
dielectric layer is selected from the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

11. The method according to Claim 7 wherein said gate-
dielectric layer is selected from the group containing
zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, andg crystalline

oxidesg.
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. . . . he
i barium strontiumtitanates, and crystalline oxides. 23 12. T

gg?hgélggéording to daim7 wherein said EefaICOL:Y?r ;anglﬁﬁ:egor;ggghna
containin | ati num titaniunl ni ckel, « , _

?Lg;gten, zirco%ignl haf ni um vanadlun3 pa!ladlun1_and chrpnlrnltég.a:hg

met hod according to Claim7 wherein said 5|!|con ions are inplan o

dosage of between about 5 E 15 and 5 E 17 |ons/cn1 and an energtherein

bet ween about 1 and 50 KeV. 14. The method according to Clalnl eretn

said step of siliciding said inplanted netal |ayer conprises anne g

. ey . . y ¢ the
i o2 vatitimekee@i acsardingnheatiagmi 3 peelerAedaiR RREL9
Spohgeg$_ggsf nace _process, a rapid thermal process, and a | aser process.
15. A method of2¥%F mihgsRiletteRt Gronatke QybSupr anstsinlfg pmaftlﬂﬁum,d
fabrication of _integrated circuits conprising: providing a first and a
second active‘Eﬁ%ﬁpﬁhmfin%%ﬁ?%on@@%@bﬁ:sbbstaaum,gmpaygﬁgguﬁy |52Lgt;ﬁ2
[ [L.one of said active areas will be a area
(r)t?ﬁle(r)nzf game%laq%vteena'rezajsr?/ﬁ’rl"ru%e Rt NV aveaadium, palladium, and

chromium.

13. The method according to Claim 7 wherein said silicon
ions are implanted at a dosage of between about 5 E 15

and 5 E 17 ions/cm® and an energy of between about 1 and

50 KeV.

14. The method according to Claim 7 wherein said step of
siliciding 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 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 iscolation 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 saig

semiconductor substrate in each of said active areas;
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form ng a gate dielectric layer overlying said seniconduct?r_sub:;{gtga;2
each of said active areas; 24 depositing a nmetal |ayer overdyln? sa1d ¢
10 dielectric layer; inplanting first silicon ions into said neta y

in said first active area to forman inplanted netal _Iayerlandr§| Il:sm di ng
said inplanted metal layer to form a first nmetal silicide 'gyge&ond ot ve
i npl anting second silicon ions into said netal |ayer in sai

i ilicidi idinplanted netal
an inplanted netal layer and siliciding said i
ﬁgsgrtgofogg}n1a ggcond nmetal silicide é@yer Mherslglgﬁlgrfh:zgidngéggnd
ilici er has degidsfierient aSindtGan 12Q,LONKRN L £
ﬁ%{;?lg?|:§¥de | ayer; and thereafter patterning 3@i§ﬂﬁ%¥§)%ﬁﬁﬁsecond

. : . o9 . Cd first
i i d&x tgico Hagem;a first metal silicide gate in sa

gg:?be Z:Egcgﬁg Eéfgcond nmetal silicide gate in said second actlvg a;ga

wherein said PMOS alié‘al%téﬁﬁplfiigezsz end iabrnsaidh < Iihto %@iégrfé:&dlt Ziaf nthe

areas having a _gate havin% a hi gher work function than sai Iga L the

other of said Bt PGédaféastt ctanpl erea for MatrmoRns g 106 tdealrdyelal 9

CcMOS tranSIStO&gng and siliciding said implanted metal layer to form

& first metal silicide layer;
15 implanting second silicon ions into said metal

layer in said second active area to form an implanted

metal layver and siliciding said implanted metal layer to
form a second metal silicide layer wherein said first
metal silicide layer has a different silicon

20 concentration from said second metal silicide laver; and

thereafter patterning said first and second metal

silicide léyers to form a fi#st metal silicide gate in
said first active area and a second metal silicide gate
in said second active area wherein said PMOS area

25 comprises one of said first and second active areag
having a gate having a higher work function than saig
gate in the other of sgaid 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 is selected from the group containing

silicon dioxide, nitrided silicon dioxide, silicon
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the fabrication of an integrated circuit. 16. The nethod according to Claim
15 wherein said gate dielectric layer is selected fromthe group
containing silicon dioxide, nitrided silicon dioxide, silicon 25 nitride,
and a conbination thereof. 17. The method according to C aim 15 wherein
said gate dielectric layer is selected fromthe group containing

zi rconi um oxi de, haf ni um oxi de, al um num oxi de, tantalum pentoxide, barium
strontiumtitanates, and crystalline oxides. 18. The nethod according to
Claim 15 wherein said netal layer is selected fromthe group containing

pl ati num titahtudfdeni ekdl a eob@ﬁhatQ@ﬂt%bggqunlybdenun1 tungst en,
zirconium hafnium vanadium palladium an chromium 19. The net hod
according to Claim15 wherein said first silicon ions are inplanted at a
dosage of beth n about 5 E 15 and 5 E 16 ions/cm and an energy of

bet ween about™ 1 ahde 50ekKeed QOCOTﬂéngetbOdlaQQOEQimgeggiglgggblgaﬁgerein
sai d second g%ligon ions are inplanted at a dosage of between about” 5 E
16 and 5 E 17 THRSTEhi tGntRuRr eher gglettbdt fieen the group containing

23 . . . .
irconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystalline

oxides.

18. The method according to Claim 15 wherein said metal
layer is selected from the group containing platinum,
titanium, nickel, cobalt, tantalum, molybdenum

7

tungsten, zirconium, hafnium, vanadium, ralladium, and

chromium.

19. The method according to Claim 15 wherein said first
31l}con ions are implanted at a dosage of between about

5E 15 and 5 E 16 ions/cm® and an energy of between

about 1 and 50 KeV,

20. The method according to Claim 15 wherein said second
silicon ions are implanted at a dosage of between about

5 E 16 and 5 E 17 ions/cm® and an enerqgy of between

about 1 and 50 KeV.
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about 1 and 50 KeV. 26 21. The nethod according to Caim15 mherf!n Sahdan
steps of siliciding said inplanted netal |ayer conprises annea |ngf{ .
inert gas wherein said annealing is perfornmed in one of the grogg oA.
furnace process, a rapid thermal process, and a |aser proces;._ A
nmet hod of formng dual-metal gate CMOS transistors in the fa glcat!o o
integrated circuits conprising: providing a first and a second active i
of a sem conductor substrate separated by isolation regions 5 wherein on

of said active areas will be a PMOS area and the other of said active

i } ) i id active
|1 be Zn NMES mssa dQ@Eidith@ YWY, Gat s i heach of sai
Ziggz;mncovesing saidlginny gat es mﬁfﬂ a g?%?ectr?cﬂ?%ﬁ%?? SPtAnaFfPFng

sai d dielectﬂqfIsﬂkﬂcﬂﬂﬂﬂgﬂﬁéiﬂtimpﬂéhggﬁfﬁg%épflgggp ggTég{ge%unny g?ges
i s exposed; renoving said exposed dummy gates |eaving ga op nlrgs

sai d sem cond@erralsiisstimatas; frormt ngpd ek e th ed£cd ré&?égyfﬁgoyga yi n_gti )
said sem conductor substrate in each of said gate openlngs,_ 15 deposi g
a netal |ayer PRTtiReshiid qate dpatingscoum $or m Bl a@at®Sicess, 2

rapild thermal process, and a laser process.

22. A method of forming dvual-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;
coverihg said dummy gatés with a dielectric layer;
planarizing said dielectric layer whereby a top
10 surface cf 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 saigd
semiconductor substrate in each of said gate openings:;
15 depositing a metal layer within saigd gate openings
to form metal gates;
implanting first silicon ions into said metal gate
only in said first active area to form an implanted

metal gate and siliciding said implanted metal gate to
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inplanting first silicon ions into said netal gate only in said first
active area to forman inplanted netal gate and siliciding said inplanted
netal gate to 27 20 forma first nmetal silicide gate in said first active
area; and inplanting second silicon ions into said netal gate only in said
second active area to forman inplanted netal gate and siliciding said

i nplanted netal gate to 25 forma second netal silicide 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 ot her2of saodmaatifvestameasitq; t rygtiQn s f dyal -neta
gate CMOS 30 transistors in the fgb??ggFgoﬁa%% an |%tgg?;f &990®.  23.
The met hod acceardangatd C aim 22 wherein said dunmy gates conprise a first
| ayer of silicon dioxide, a second |layer of silicon nitride, and a third

| ayer of ponS|I|céﬁp1Qﬂt1HGeSﬁebhddsa¢¢abdlmgnbolﬁkalghga waekei Rgai d
step of renDV|n? said dunmmy gates is selected fromthe group cont7alning:
wet etching, dPyl¥tthifgidapecendonbihaei eneaotowebrandndsnpebahicag.

metal gate and siliciding said implanted metal gate to

25 form a second metal silicide 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 dual-metal gate CMOS

30 transistors in the fabrication of an integrated circuit.

23. The method accorxding to Clalm 22 wherein said dummy
gates comprlse a first layer of silicon dioxide, a
second layer of silicon nitride, and a third faver of

polysilicon.

24. The method according to Claim 22 wherein said step
of removing said dummy gates is selected from 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 is selected from the group containing

silicon dioxide, nitrided silicon dioxide, silicon
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25. The nmethod according to Caim22 wherein said gate dielectric layer is
sel ected fromthe group containing silicon dioxide, nitrided silicon

di oxi de, silicon 28 nitride, and a conbination thereof. 26. The nethod
according to Claim22 wherein said gate dielectric layer is selected from
t he group containing zirconium oxide, hafnium oxide, alum num oxi de,
tantal um pentoxide, bariumstrontiumtitanates, and crystalline oxides.
27. The nmethod according to Caim22 wherein said netal |ayer is selected
fromthe group containing platinum titanium nickel, cobalt, tantalum

mol ybdenum  tungsten, z&hACANL .hatni vanadi um pall adium and
chromium 28. The nethod accorgﬁﬁé ?%Q8ﬁg%§ﬁf§° erein said first silicon
ions are inplanted at a dosage of between about 5 E 15 and 5 E 16 ions/cne

and an energy of between about 1 and 50 KeV. 29. The nethod according to

G ai m 22 whereth.s@hd mechod astbic69Rgl €8S caL8 L AB! ap .at a.dosage of

between about 5 E 16 and 5 E 17 ions?cnﬁ and gn eneréggég pet" gﬁ%e
dielectric layer is selected from the group containing
zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystalline

oxides.

27. The method according to Claim 22 wherein said metal
layer is selected from the group containing platinum,
titanium, nickel, cobalt, tantalum, molybdenum,

tungsten, zirconium, hafnium, vanadium, palladium, and

chromium.

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

5 E 15 and 5 E 16 ions/cm® and an energy of between

about 1 and 50 ReV.

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

5 E 16 and 5 E 17 ions/cm® and an energy of between

about 1 and 50 KeV.
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about 1 and 50 KeV. 29,30  The method according to Gaim 22 wherein said
?L:Pf ggg gilbgtghgnggieinngaid anneal i ng :s ng;g;negngnaorgsg: L?gcess.
gi?ug ﬁ;;hgdfg;n?gfniﬁgogﬁzfingpgﬁpbgtéhgkgg FPansi;g?Ls aipiﬁgf and &
Second active area of & sem conductor substrate separated by isol ation
fggfgﬁsaCE'XEe?EFﬁ one of said active areas will be a PMOS area and the

[ i ' ] at ielectric
i d 88ti Vdeameabodi bicdoedamgNVias car8s 24 QNG 2 ga :
Fgcgi gie??;ing said sem conductor substrate in each of ‘sai éﬁfﬂﬁgméreas,

depositing a fPfsﬁiﬁéFéﬁi§glBeﬁdeih@ﬂﬁp&@fﬁh@%ﬁﬁggg%grz?%ﬁhi L Eg;gle?;rlc
, inmplanting silicon ions into said firs _ 3 rin
Lgygr%ilg? ggt%98eﬁﬂé§gaha §PIF@E@kngasimplaaﬁa@psgﬂggﬁ??fgﬁgﬁﬁagiF:Lgﬁ|gg
second netal silicide |ayer havin
Lgﬁgénifazfgglgﬂ%%agéPa fPrBETARFAROSILR| ohdecifayér; grang of: a furnace

brocess, a rapid thermal pProcess, and a laser process.

31. 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 gate dielectric layer overlying said
semiconductbr substrate in eéch of said active areas;
depositing a first metal silicide layer overlying
10 said gate dielectric laver;
implanting silicon ions into said first metal
silicide layer in said first active area and siliciding
implanted said first metal silicide layer to form a
second metal silicide layer having a different silicon
15 concentration than said first metal silicide layer;
and
thereafter patterning said first and second metal
silicide layers to form a first metal silicide gate in

said first active area and a second metal silicide gate
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thereafter patterning said first and second netal silicide layers to form
a first netal silicide gate in said first active area and a second netal
silicide gate 30 20 in said second active area wherein said PMOS area
conprises one of said first and second active areas having a gate having a
hi gher work function than said gate in the other of said active areas to
conplete formation said of dual-metal gate CMOS transistors in 25 the
fabrication of an integrated circuit. 32. The nethod according to Caim31
wherein said gate dielectric layer is selected fromthe group containing
silicon dedxi dén siatiel dedosid ae@n & @Hde, 1S 0 and a
conbi nation thereof. 33. The ngﬁhg% %??%r ﬁ%;%ﬁ% %aﬂanigP n said gate
dielectric Iayepmp$1sebeohedoﬁr@@hahglggqugngogﬁ?&y z|rcon|un1OX|de

haf ni um oxi de, al um num oxi de, tantalum pentoxi arlun1sFF5ﬁFium
titanates, andhévy§gaﬁlgn$e brivdes. a34ighe WREMOG G a%pég‘ﬁ m 31
wherein said first mnetal silicide layer is selected fromthe group
cont ai ni ng pl a¥PREMBI Ehei déheri bdnkbamdsikitcivde 4 rBiek el cShlphGlrde, cobalt

silicide, tantglunls|I|C|de nmol ybdenum
ormation said of dual- ~metal gate CMOS transistors in

25 - the fabrication of an integrated circuit.

32. The method according to Claim 31 wherein said gate
dielectric layer is selected from the group containing
silicon dioxide, nitrided silicon dioxide, silicon

nitride, and a combination thereof.

33. The method according to Clalm 31 wherein said gate

dielectric layer is selected from the group containing

zirconium oxide, hafnium oxide, aluminum oxide, tantalum

pentoxide, barium strontium titanates, and crystalline

oxides.

34. The method according to Claim 31 wherein said first
metal silicide layer is selected from the group
containing platinum silicide, titanium silicide, nickel
silicide, cobalt silicide, tantalum silicide, molybdenum
silicide, tungsten silicide, zirconium silicide, hafnium
silicide, wvanadium silicide, palladium silicide, and

chromium silicide.
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i ilici i i ilicide, hafnium silicide,

ili tungsten silicide, zirconiumsilicide, | um o
3;L;g:gﬁ{siligide, pal I adi um si l'i cide, and chron1un1$:!|QEQﬁ. géigS. Th
nmet hod according to Claim31 wherein said steps of silici khgrein cai d
impl anted netal |ayer conprises anReallng InfanalPﬁiaaggsprocess 2 Vapi d

ing i i f the group of: | ’
annealing'is perfornmed in one o 36 "R et hod of formng. dual - aet al
thermal process, and a | aser process. 36. T 100 O ey Orm N, Cu

CMOS nsistors in the fabrication of integ _
gg;grising?raproviding a first and a second active area of a sem conduct or

j i i i f said active
' -edhpy miesalodt kerorAndN%o TG 81N QN8 Q G, act
erjgztsr\?\,it FI sggaié}aﬁ@s ;r ea and the ot %gr of “sai d “acti Ve Srea i 19teRs an

MOS 14 iddrn [ i [ ;. __covering
; taidadnpggated Arpashtel sl aqtive areas:. coveri
ggid gLﬁﬁi 52[2§najth a dielectric layer; planarizirng sai g "dit8%ctric

| ayer wher eby anﬁéﬁlingsmnfaaeinéreaghso&hgagqndggqﬁ‘ggk%%lg%gfégpsed;
re%nving sai d exposed dummy gates |eaving gate openings to sI ( caid
sem conduct or @ﬁgg?Fﬁ?ﬁ;iﬂoﬁﬁﬁngfatgatgrduple@ErEthgﬁgeeo$§5C%%gg S,

i rate in_each of said gate openings;
sem conduct or ?ggfé gﬂermal process, and a laser process.

36. A method of forming duval-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
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;
coverihg said dummy gatés with a dielectric layer;
planarizing saig 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 laver overlying said
semiconductor substrate in each of said gate openings;
15 depositing a first metal silicide layer within said
gate openings to form first metal silicide gates: and
implanting silicon ions into said metal silicide

gate only in said first active area to form an implanted

metal silicide gate and siliciding saild implanted metal
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15 depositing a first netal silicide layer wwthin said gate openings to

. . > . .  d
i ilici ; ting silicon ions into sai
metal silicide gates; and inplan .
Lg[g}f;{f}cide gate only in said first active area to form an inplanted

St L o
nmetal silicide gate and siliciding said inplanted netal BZaEgaSKLg:gﬁngat
to forma second netal silicide gate in said first active e i ng
said PMOS area conprises one of said first apg sefonqnaghgveOther aving

i i i than said gate i
e having a higher work function
chﬁie ar eas ?o conplete formation said of 25 dual -nmetal gate CMOS

e to G nt i aa wiorel a0 gbeman LBBdnedadl Biiks ¥ bt o ot
2?r?£ghngiggig%gkg]féé@bndctayerao&aswhEQgFg?E?%gd%ﬁggggﬁ% ;?%&ngaeg%fof
Fenvi ng S d38%13?9555@2°?£§§?;§%2_3e£8ﬁa} cbe i 9EOUB CORLGN G
et hodaccor o 1 155 Ch o H9156% whoT e, Ausalogatnen £aid ate oo wne
other of said active areas to complete formation said of
25 dual-metal gate CMOS transistors in the fabrication of

an integrated circuit.

37. The method according to Claim 36 wherein said dummy
gates comprise a first layer of silicon dioxide, a

second layer of silicon nitride, and a third layer of

polysilicon.

38. The method according to Claim 36 wherein said step
of removing saigd dummy gates is selected from the group

containing: wet etching, dry etching, and a combination

of wet and dry etching.

39. The method according to Claim 36 wherein said gate
dielectric layer is selected from the group containing
silicon dioxide, nitrided Silicon dioxide, silicon

nitride, and a combination thereof.

40. The method according to Claim 36 wherein said gate

dielectric layer is selected from the group containing
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dielectric layer is selected fromthe group containing silicon dioxide,

nitrided silicon dioxide, silicon nitride, and a conbi nati on thereof. 40.

The met hod according to Claim 36 wherein said gate dielectric layer is
selected fromthe group containing 33 zirconium oxide, hafnium oxide,
aluninun1ox5q§CO Qntalun1 pent oxi de, barium strontiumtitanates, and
‘crystal line” “oxrde§® @f?d?hehﬁémhmmlauﬁkai@guhgngﬁm&yfgg erein said
nmet al SiliEEﬂ€DL§¥§r bs selected fromthe group contalnifg ﬁﬂ%ﬁ%QWMn
silicide, tTtanrumsf|Perdem gtersaltisim itditdaateeobahl %&yggéﬁg.tantalum
silicide, ngkyhdenumsilicide, tungsten silicide, zirconium ifi%i de,
hafnium silicide, vanadiumsilicide, palladiumsilicide, and chrom um
silicide. 42. The method according to Claim 36 wherein said step of
siliciding said inplanted netal silicide |ayer conprises annealing in an

inert gas of1Vvagwnpahels e said annealing is perfornmed in one of the
group of: a furnace pr&%é%%?oﬁé?ﬁgiHotﬁé@hﬁl3@r®beséinaggia hassh

process. 34ilicide layer ig selected from the group containi
ning

Lats ca . . .
platinum silicide, titanium silicide, nickel silicid
: e,

cob ilici
alt silicide, tantalum silicide, molybdenum silicid
) e

r

r

vanadi 11lici i
um silicide, palladium silicide, and chromium

rsilicide.
42 7 i
he method according to Claim 36 wherein said step

Of - - - . i 3 - .

siliciding said implanted metal silicide layer
Com . - - - -

Prises annealing in an inert gas or vacuum wherein
sai . .
aid annealing is performed in one of the group of:

a

furnace i
process, a rapid thermal process, and a laser

Process.
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