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high performance devices. ,

A common approach to reduce the resistivity of the interconnect to less than that exhibited
by polysilicon alone, e.g., less than about 15-300 ohmy/sq, comprises forming a multilayer structure
consisting of a low resistance material, e.g., a refractory metal silicide, on a doped polycrystalline

20  silicon layer, typically referred to as a polycide. Advantageously, the polycide gate/interconnect
structure preserves the known work function of polycrystalline silicon and the highly reliable |,
polycrystalline silicon/silicon oxide interface, since polycrystalline silicon is directly on the gate
oxide.

Various metal silicides have been employed in salicide teehnology, such as titanium,

25  tungsten, and cobalt. Nickel, however, offers particular®y advantages vis-d-vis other metals in
salicide technology. Nickel requires a lower thermal budget in that nickel silicide and can be
formed in a single heating step at a relatively low temperature of about 250°C to about 600°C with
an attendant reduction in consumption of silicon in the substrate, thereby enabling the formation of
ultra-shallow source/drain junctions.
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1 AMENDED SHEET 2 0 JUN 2005 01-09-2004 US0314982 Upon conducti ng
experinentation and investigation to inplenent nickel silicide formation,

it was discovered that the high resistance nickel disili 0236 ﬂﬁam (N Si 2)
is formed on doped silicon and generates an undesirably é i érface
thepgebyeen. Such an interface can range in thickness from 200 Uﬁﬁéﬁ IJQg%O
A and can extend but for a short distance, such as 1 micron. Such ce
5 roughness adversely inpacts resistivity and capacitance, and can lead to
spiking into rough the gate dielectric |ayer.
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I'n conveptional salicide technology, a laye & epo |’ied on
the gate el ectrode and on the exposed surfaces of the sour ce/dr ain
regions, fol Fennetiony visiatmi isghat MiSie &etns bhe teffptturd\b fboutustded,| iNGarshd | CON tO
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extremely difficult to prevent B¢formation of NiSi, and, hence, rough interfaces.

Additional problems have been encountered in attempting to implement nickel silicidation.

25  In conventional salicide technology, a layer of the metal is deposited on the gate electrode and on
the exposed surfaces of the source/drain regions, followed by heating to react the metal with '

underlying silicon to form the meta.l silicide. Unreacted metal is then removed from the dielectric

sidewall spacers leaving metal silicide contacts on the upper surface of the gate electrode and on the

. source/drain regions. In implementing salicide technology, it was also found advantageous to

30  employ silicon nitride sidewall spacers, since silicon nitride is highly conformal and enhances

device performance, particularly for p- type transistors. However, although silicon nitride spacers

are advantageous from such processing standpoints, it was found extremely difficult to effect nickel

silicidation of the gate electrode and source/drain regions without undesirable nickel silicide
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30 enploy silicon nitride sidewall spacers, since siliconnhtgi is hi ghly
conformal and enhances device performance, particularly ﬂob~%ﬁ9?9%%
transi st orv80 2p388@2 , al t hough silicon nitride spacers PCEUSIINAGLIEREOUS
from such processing standpoints, it was found extrenely difficult to
effect nickel silicidatio n of the gate el ectrode and source/drain regions
Wi thout  Ubyaief D] 1y, ket cining] (e AAVENIORR 19 GfETce 2o @ho)ihoR A0 Rtcwall
2004/ 040622 PCT/ US2003/ 014982 ri dgi ng and, hence, short circuiting,

t her ebet w84l ong the surface of the silicon nitride sidewall spacers.

Accordingly, tRedoedify,sthered exi69da fiREd SR CANGHAIREF &ONES aavilavliag! Rikke!
silicide _intercaonnectjons with reduced roughness at the interface between

ni ckel si HEEGORRECHORS VED Jiediced JpRebResyi #igths | inferiass, bawepnf Bicked nallistiden fpyers and

met hodpl oghderlietificst, BRI Boflefidtiing nk@RAolbSy.| MTRLEIRD loxills GKRkd 1S tPIGhG® nickel

t echnol ogy_w t hout bridgi ng between the nickel silicide |ayers on the gate
‘el ect r odeSihgide ephmology iithat g’ﬂ%ﬁ“ﬂg besvyearike nipkel sifieids layary ompe gate wisrendenad the
silicon nidufdefdni® ir&8NR] barBRBLET ShNehPiByHRRicof R Qiqgwalp%‘g%gr%hﬁﬁe %teTHE
| NVENTI ON 10 An advantage of the presen¥ nvention 1s a sem conducto

devi ce coftfffi°dd-ng nickel silicide layers and reduced roughness at the
interface between the nickel silicide |layer and underlying silicon.

Anot her agwanicagROOF trhe IvesgidNi nvention is a method of manufacturing a
sem conductor device having reduced roughness at the interface between

ni ckel® silici dlnpdypaiage eifbe praeral Inyeniign isi&sesnigqndentor davieq panpaising gigkeltsiigiste of
the presepfert ANEHIOR fodptRed¥BiNAY i rABHIACT W Moke? sFRMML GRRPURS WderiRY! CE
havi ng ni ckel silicide contacts on a gate el ectrode and associ at ed

sour ce/ drdi$r egi ons  wi t hout bridgi ng ther ebetween al ong i nsul ative

si dewal | spac eA%th&Qﬁ%{a?% 8f thi GRBerRiidvehlf 1S h FRIRk lof ARGy 2% ndyctor

addi ti onal advantage_ of e present invention is a sem conductor device
havi ng ni $visp haging irequged royphnges &f e inferiage deteer mickelesiligide byerasad andsrlzime
sour cg/ dralidens €gi ons wi t hout bridging therebetween al ong insulative

si dewal | spacers, particularly silicon nitride sidewall spacers. Additiona
advant ages and®dY¥HISF advanfpgr o shegtresepidnynierista meied il imspuiagptiingyeseaigondustarh i n

part in dehredRSHE i didkeP Bl €Bnth@ bRVS pat@RikcirbiePiat as%chétqdbﬁﬁ%ﬁraﬁim?@griﬁﬁt to
e

t hose having ordinarg skill in the 25 a(t“;ﬁon exam nation of the.
fol | owi ngViFouhBidgirs thesbstuernpgions meylatie sdewel spasersseeitbly silisen pigifde sideavall
spacers.
20 , An additional advantage of the present invention is a semiconductor device having nickel

silicide contacts on a gate electrode and on associated source/drain regions without bridging
therebetween along insulative sidewall spacers, particularly silicon nitride sidewall spacers.
Additional advantages and other features of the present invention will be set forth in part in
the description which follows, and in part will become apparent to those having ordinary skill in the
25  art upon examination of the following or may be learned by practice of the present invention. The
advantages of the present invention may be realized and obtained as particularly pointed out in the
appended claims.
According to the present invention, the foregoing and other advantages are achieved in part
by a semiconductor device comprising: a gate electrode, having opposing side surfaces and an
30  upper surface on an upper surface of a semiconductor substrate with a gate dielectric layer
therebetween; source/drain regions in the semiconductor substrate on opposite sides of the gate
electrodes; dielectric sidewall spacers on opposite sides of the gate electrode; a nitrogen-containing

diffusion modulating layer, which impedes nickel diffusion, on the source/drain regions and on the
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particularly pointed out in the appended clains. According to the present
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sem conductor device conprising: a gate el ectrode, having opposing side
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forming a silicon oxide liner on the side surfaces of the gate electrode and upper surface of the

25  semiconductor substrate adjacent opposite side surfaces of the gate electrode, and a dielectric
sidewall spacer of silicon nitride thereon.

Additional advantages of the present invention will become readily apparent to those having
ordinary skill in the art from the following detailed description, wherein embodiments of the present
invention are described simply by way of illustration of the best mode contemplated for carrying out

30  the present invention. As will be realized, the present invention is capable of other and different
embodiments, and its several details are capable of modifications in various obvious respects, all
without departing from the present invention. Accordingly, the drawings and description are to be

regarded as illustrative in nature, and not as restrictive.
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schematically illustrates problematic surface roughness at the interfaces

bet ween DESKRIPTION OBTHE INVBNTIONN underlyi ng silicon. Figs. 2 through 7
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is believe q%ﬁ/ at nickel silicide bridging stems fromthe reaction nickel

wi th dandt H¥%con bonds in the silicon nitride sidewall spacer. The
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due in paempdraueapivbr nthak etpected fdus ii® Dart Rarhpie Widkel Mif@Siosleptrtidlarly as device
geometries shrink deeper into the sub-micron regime. Such surface roughness can range from 200 A
to 1000 A over various distances, even a very short distance of 1 micron. NiSi, can form at
extremely low temperatures, which low temperatures are an advantage attendant upon nickel
25  silicidation but, unfortunately, result in the formation of a rough interface due to the rapid diffusion
of nickel and formation NiSi,. It is challenging to implement nickel silicidation by preventing the
formation of NiSi,, particularly due to the rapid diffusion of nickel, even through a layer of cobalt.
In accordance with the present invention, the problem of interface roughness stemming from
rapid diffusion of nickel and formation NiSi, is addressed and solved by forming a diffusion
30  modulating layer at the interface between nickel silicide layers and underlying silicon. Such a
diffusion modulating layer impedes the diffusion of nickel into the silicon and further reduces
diffusion of silicon into the overlying layer of nickel.
Embodiments of the present invention comprise ion implanting nitrogen into the gate

electrode and into exposed surfaces of the silicon substrate on opposite sides of the gate electrode to
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! ayehs IS modulating layer is about 50 A to 300 A.

Advantageously, the formation of a diffusion modulating layer which reduces nickel
diffusion suppresses the formation of NiSi, and, hence, significantly reduces interface roughness. In
addition, the formation of a diffusion modulating layer in the gate electrode prevents total
consumption of the gate electrode by nickel silicide formation and spiking through the gate

30  dielectric layer. An additional benefit of the present invention stems from the reduction in the
number of silicon dangling bonds in the outer surface of the silicon nitride sidewall spacers due to
nitrogen implantation, thereby reducing nickel silicide bridging between the nickel silicide layer

formed on the gate electrode and the nickel silicide layers formed on the source/drain regions.
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Subsequently, as schematically illustrated in Fig. 4, a layer, titanium or a layer of tantalum
40 is deposited over the gate electrode and substrate. A layer of mcléél 50 as shown in Fig. 5, is then
deposited over layer 40.

30 Adverting to Fig. 6, heating is then conducted, whereby a nitrogen-containing diffusion
modulating layer 61 is formed in the source/drain regions and a layer of nickel silicide 63 formed
thereon. In addition, a nitrogen-containing diffusion modulating layer 62 is formed in the upper
surface of the gate electrode, and a layer of nickel silicide 64 formed thereon. In situations wherein

layer 40 is titanium, the diffusion modulating regions 61, 62 comprise a mixture of nitrided titanium

AMENDED SHEET




375 sccm a nitrogen flow rate of about 2,000 to about 4,000 sccm e.g.,
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on the associated source/drain regions.

20 . The present invention enjoys industrial applicability in the fabrication of various types
semiconductor devices, including semiconductor devices based on SOI substrates. The present
invention enjoys particular industrial applicability in fabricating semiconductor devices having
design features in the deep sub-micron regime.

In the preceding detailed description, the present invention is described with reference to

25  specifically exemplary embodiments thereof. It will, however, be evident that various modifications
and changes may be made thereto without departing from the broader spirit and scope of the present
invention, as set forth in the claims. The specification and drawings are, accordingly, to be regarded
as illustrative and not restrictive. It is understood that the present invention is capable of using
various other combinations and environments and is capable of changes or modifications within the

30 scope of the inventive concept as expressed herein.
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deposited. Heating is then conducted to formthe diffusion nodul ating |ayer
conprising a mxture of nitrided nickel silicide and nitrided titanium
silicide or -nitride tan umsilicide. 10 The present inven?”ﬁp N 200

advant ageously enables | nickel silicidation with significa Fb zgéhced

i nterface roughness between nickel silicide |ayers and underlying silicon,"
by strategically inplanting nitrogen into the substrate and gate

el ectrode, followed by depositing a flash |ayer of titaniumor tantalum
depositing adiayaheOf nickel and then heating. During heating, a nitrided
di ffusion no | ayer, which inpedes diffusion of nickel, is fornmed on
the substrate 15 and gate el ectrode, separating the nickel silicide |ayers
fromthe underlying silicon. The diffusion nodulating |ayers are

rel atively shoot hAnsfmigerdusiar dspick COGPHSINGR| | as consunption of the gate

el ectrode by nickel ....l.n addi t,.Qn. ;. Niyk o ' tdon bri dai ng
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appl i cabi | i t fieleetiqlayen@l) therGbsHveSt vari ous types seni conduct or devi ces,

i ncl udi ng sem con ].?g We ﬁig:lp(frt te:

i nvention enjoys ggﬁclg{:u a}[é%?(%%u(g?flﬁa gg%ﬁﬁo%a I is{h?étfaze gz-aﬁgfj??gﬁ?sgégg sides
sem conduct oof thepateaedtender(@2); desi gn features in the deep sub-mcron
regime. In the preceding detailed degcription, the. present invention_jis
described with refléq‘i%‘?%gs‘g Wg]%?ﬁp‘?ﬁ’@céh ‘&‘g{*ﬁefPB?%Wpﬁ“geﬁ?% ?\lﬁ“rﬁ%det(ﬁg)é eof .

It willy hovever, abgiRyeAl@BAtainlid dMAIIGH SndR B CRYECTE!, @)dwhildndaped®RY be
made thereto without déeparting fromthe broader “spirit and scope of the

present i nveivkebdiffusionsen tecottee/drainiyegiohsn (263 andloa thepepper sexfacemdf thegate
drawi ngs are, a&cgr&ﬁ%, to be regarded as illustrative and not
restrictive. ekf’ pee éT' St ood that the present invention is capable of
using various otlhelayepndti RRkeloRHickitd (6€3)V 64D RIEE Mies nitfshehscofaiant aliffiision
changes or nodifications within the 30 scope of the inventive concept as
expressed hemadylatipgAnrextER 63HEET 2 0 JUN 2005 CLAIMS: 1. A seni conduct or
devi ce jconpri si ng: L4 Car Lofhist i Si i

1% witreth gheg 8{11%0%21% o g Qﬂﬁsfo%%o?lﬁlﬁﬁﬁég %ygxf)féfic 'gg? cSihtifs

surfaces and an upper , On an upper surface
sem conduct okitserzsmixte f2ityided tiknangsilieidecind nédted pickelysdicidedr)a mixture of

t her ebet ween; . squrce/drain. tegi agns, (.26).1n the.sem conductor substrate (20)
on opposite _H‘Hgg([ %&faq'frﬁéﬂbcé%gm@lné%i%if‘gé’e&f]ﬁ#‘flde'di electric sidewal | spacers
(24) on the opposite sides of the gate electrode (22);

2. A semiconductor device as claimed in claim 1, wherein the nitrogen-

20 containing diffusion modulating layer (61, 62) has a thickness of 10A to 504, and the
combined thickness of the nitrogen-containing diffusion modulating layer (61, 62)
and nickel silicide layer (63, 64) is 50A to 300A.

3. A method of manufacturing a semiconductor devicé, the method comprising:
25 forming a silicon gate electrode (22), having opposite side surfaces and an
| upper surface, on an upper surface of a silicon semiconductor substrate (20) with a
gate dielectric layer (21) therebetween;
forming dielectric sidewall spacers (24) on the opposite side surfaces of the
gate electrode (22);
30 forming source/drain regions (26) in the semiconductor substrate (20) on

opposite sides of the gate electrode (22);




10 a nitrogen-containing diffusion nodulating |layer (61, 62), which inpedes
ni ckel diffusion, on the source/drain regions (26) and on the upper surface
of the gate electrode (22); and a |layer of nickel SiliCid§5ﬁﬁﬁ’ @f) on the
ni trogen-containing diffusion nodulating | ayer (61, 62)2 gﬁ n the

ni trogen-containing diffusion nodul ating |ayer (61, 62) contains either a-
m xture of nitrided titaniumsilicide and nitrided nickel silicide or a

m xture of nitrided tantalumsilicide and nitrided nickel silicide. 2. A

sem conduct or device: : A4 J l1ai r & '
cont ai ni ng di ffus*ogln“ﬁglga@% {Hﬁgo%egygrl, (32}1@%\26)3@%%@3@%%%@2&% e%g%eﬁi o]
50A, and t hesurfirbs néthe sentikombstarfsubbteatei(20)oze opmosite sides of the ghtgsslestrode
nodul ating | ayer (61, 62) and nickel silicide layer (63, 64) is 50A to
300A. 3. A od of manufacturing a seni conductor device, the nethod

conprising: 25 f aéﬂgsﬁglﬁ giggf 6PRtalRIE of LREAUR 80X GPthe rﬁ@yémnmm& bftesi de

surfaces and an up on an upper surface of a silicon

senm conduct oelestnddet (22) and 20) thevinitnogen igylanteti exposed swidcay of thepgemiconductor

t her ebet ween; form dielectric sidewall spacers (24) on the opposite side
surfaces of §‘m§“‘af§a@®;el ectrode (22); 30 form ng source/drain regions (26)

0 the sem conduclgositiss Lake of &tkel(30) RS Idyer of Gt of YOS Bntalum
el ectrode (22); 0J 2005 ion inplanting nitrogen (31, 32) into the
gate el ectro)(@r) and exposed- surfaces of the sem conductor substrate
(20) on opposite ﬁiﬂfs of. the gate electrode (22); depositing a |ayer of
titani umor tantalfi I@ﬁ@fb%ﬂ'the nitrogen inplanted gate 5 electrode (22)

and onphe nitrogen inpl aftsp@énesposty Sdiffusies Smotulatisy slayeérc ¢eu62)or which
substrate (20); depositing a |ayer of nickel (50) on the layer of titanium
or layer of tant aimpedesaigkel difilisiem ane wpPeroTurtace of thengats SSHOED MAiaRkng

the upper sur face B Rerbidfuseiiohs (I | TRECeE M e sour celdraih
regions (26); and a layer of nickel silicide (63, 64) on the nitrogen-containing diffusion
modulating layer (61, 62). '
15
4. A method as claimed in claim 3, comprising heating at a temperature of 400°C
to 600°C to form the nitrogen-containing diffusion modulating layer (61, 62) at a
thickness of 10A to 50A.

20 5. A method as claimed in claim 3 or claim 4, comprising ion implanting
nitrogen at an implantation dosage of 5 x 10% to 5 x 10?! ions/cm® and at an

implantation energy of 1 KeV to 5 KeV.

6. A method as claimed in claim 3, 4 or 5, comprising ion implanting nitrogen to
25 form:
| nitrogen implanted layers (31) in the substrate (20) having an impurity
concentration peak at a depth of 50A to 300A from the surface of the semiconductor
substrate (20); and
a nitrogen implanted layer (32) in the gate electrode having an impurity

30 concentration peak at 100A to 350A from the upper surface of the gate electrode (22).

10




a layer of nickel silicide (63, 64) on the nitrogen-containing diffusion

nodul ating lFayer (61, 62). 15 4. A nmethod as clained in claim3, conprising
heating at a tenperature of 400C to 600C to formthe ni %ﬁgm %RS ai ni ng

di ffusion nodul ating | ayer (61, 62) at a thickness of | 0 . 20 5. A
method as clained in claim3 or claim4, conprising ion inplanting )
nitrogen at an inplantation dosage of 5 x 1020 to 5 x 1021 ions/c n2 and at
an inplantation energy of 1 KeVto 5 KeV. 6. A nethod as clainmed in claim

3, 4 or 5, cgnprisi i i -1 Agk: it 40 t : i
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sem conductor substrate (20); and a nitrogen inplanted |ayer (32) in the
gate el ectrode having an inpurity 30 concentration peak at 100A to 350A
fromthe uppgr sUnf ageoafas BGisgel f h6he QIRUKALS (019 orfprdlible 200itTng 4
method as clained in claim3, 4, 5 or 6, conprising depositing t 1e | ayer of
titani us or laygeof dftaniwamt @Ounwheein tte pittoperckondainingf diffusiant mogummg.lawr

hod lai med in, .of clajms. 3.10. Pt
Tayer of i1t aoaee RO AP siielen BRI gt AR ORBRLEC 2 °

nodul ating | ayer conprises nitri-ded titaniumsilicide, nitrided nickel
silicide, or a mxture thereof. 9. A nmethod as clained in any one of clains

3 to 7, conpPisind tepusas clgimed imgay on¢ of ghaimb Bntq 40§ompEn depesidng a
. C SI T e SAvibeas 1 ; o
it arum o1 1 el Tt HRER 3 Progl-Shpratbing LGN hoBulsling Iyer

10 comprises nitrided tantalum silicide, nitrided nickel silicide, or a mixture thereof.
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