| NTERCONNECT STRUCTURE AND METHOD OF MANUFACTURI NG A DAMASCENE

STRUCTURE BACKGROUND 5 [0001] Sem conductor devices, such as

transistors, are commonly forned on the surface of a single crystal

silicon wafer and can include nmultiple levels of patterned and

i nterconnected | ayers. After the fabrication of the active devices

has been conpleted, they are wired into a desired circuit

configuration by formng nmultiple |ayers of interconnect |ines,
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enbodi nent, an interconnect structure i [ OVi . ayer o

dielectric material has at | e%#&&nf%ﬂérﬁqﬁugﬂ@%fi rst barrier

| ayer on 15 sidewal | s defining the opening. A ruthenium and

oxygen-cont ai ni ng second barrier |ayer overlays the first barrier

| ayer, the second barrier |ayer haéhﬂg(ﬁﬁkﬂjﬁgniun1zone, a rut heni um
er

oxi de zone, and a rutheniumrich zone. ut heni um zone is
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the 25nitrogen content of the tantalumnitride zone being greater

t han t hel®i t aogdieledrieayersf the tantalumrich zone. The tantal um
nitride zone is interposed between the dielectric material and the
tantalumrich zone. A ruthenium and oxygen-containi ng second barrier
| ayer overlays the first barrier | ayBUMMARYsecond barrier |ayer

havi ng a rut j.Uum zone H‘Eim h%ni um, oxi de
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15  sidewalls defining the opening. A ruthenium- and oxygen-containing second
barrier layer overlays the first barrier layer, the second barrier layer having a
ruthenium zone, a ruthenium oxide zone, and a ruthenium-rich zone. The
ruthenium zone is interposed between the first barrier layer and the
ruthenium oxide zone. The ruthenium oxide zone is interposed between the
20  ruthenium zone and the ruthenium-rich zone.
[0003] In an embodiment, an interconnect structure is provided. A layer of
dielectric material has at least one opening and a tantalum- and nitrogen-
containing first barrier layer on sidewalls defining the opening. The first
barrier layer has a tantalum-rich zone and a tantalum nitride zone, the
25 nitrogen content of the tantalum nitride zone being greater than the nitrogen
content of the tantalum-rich zone. The tantalum nitride zone is interposed
between the dielectric material and the tantalum-rich zone. A ruthenium-
and oxygen-containing second barrier layer overlays the first barrier layer,
the second barrier layer having a ruthenium zone, a ruthenium oxide zone,
30 and a ruthenium-rich zone. The ruthenium zone is interposed between the
tantalum-rich zone and the ruthenium oxide zone. The ruthenium oxide



zone is interposed between the rutheniumzone and the rutheniumrich
zone. [0004] A nethod of manufacturing a damascene structure is

provi ded. In an enbodi nent, at |east one opening is forned in a
dielectric material. 5 Sidewalls defining the opening are coated with
a tantalum and nitrogen-containing first barrier layer. The first
barrier layer is treated to forma tantalumrich zone and a tantal um
nitride zone. The nitrogen content of the tantalumnitride zone is

gr eat er t hanzbhe isninterpgsed betwesntthefrutheaiunarted and the ruthemem-fitte
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zone interposed between the tantalum-rich zone and the ruthenium oxide

zone. The ruthenium oxide zone is treated to form a ruthenium-rich zone,
15 the ruthenium oxide zone interposed between the ruthenium zone and

ruthenium-rich zone.

BRIEF DESCRIPTION OF THE FIGURES
[0005] FIG. 1 is a flow chart illustrating an exemplary embodiment of a
20 method of making a damascene structure.
[0006] FIGs. 2-9 are cross-sectional views of an exemplary embodiment of
a method of manufacturing a damascene structure, including an opening
formed in a dielectric material and including coating and treating steps.
[0007] FIG. 10 is a simplified schematic view of a modular process tool

25 with a confrolled atmosphere.

DETAILED DESCRIPTION
[0008] As the dimensions of microelectronic devices continue to decrease,
the time delay for the propagation of a signal between multiple transistors
30 (propagation delay) has become an increasingly important parameter in
determining device performance. Propagation delay is proportional to the

product of the resistance of a metal interconnect line (R) and the
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30 (propagation delay) has beconme an increasingly inportant paraneter
I n determ ni ng device performance. Propagation delay is proportional
to the product of the resistance of a netal interconnect line (R and
the capacitance of the interlevel dielectric insulation material (O
(also referred to as RC delay). Thus, to mnimze propagation del ay,
it is beneficial to incorporate an insulating material wth a | ow
dielectric constant material in conmbination with a high conductivity
metal (or | owapasitastceifitiye mseridvel dietentie ins(iatipn msategali (9 dalso referred to

id bl | . f l.j.
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15  etching techniques are inadequate. Thus, damascene manufacturing
processes are necessary to form patterned copper interconnect lines, which
involve depositing conductive material in previously patterned openings
(e.g., trenches, contacts, or vias). Second, because copper diffuses readily
in silicon and many dielectric materials surrounding metal interconnects,

20  short circuiting or degradation of electrical properties can occur. Thus, any
damascene process involving copper includes the formation of a diffusion
barrier layer to encapsulate the copper interconnect lines.

[0010] FIG. 1 is an exemplary embodiment of a damascene manufacturing
process. In step 10, an opening is formed in a dielectric layer. This is

25  typically performed by patterning openings in a mask layer, such as
photoresist, on a dielectric layer in the shape of a trench, contact, or via,
followed by wet or dry etching. Preferably, the dielectric material is a low-k
dielectric (k < 3.0), such as k less than 2.5, less than 2.0, or less than 1.5.

In step 20, a barrier material is deposited to form a layer on at least the

30 sidewalls defining the opening in the dielectric layer. One or more barrier

layers can be formed to protect the dielectric material adjacent to the copper

interconnects from being poisoned by copper atoms diffusing from the
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process. In step 10, an opening is forned in a dielectric layer. This
Is 25 typically performed by patterning openings in a mask |ayer,
such as photoreésist, on a dielectric layer in the shape of a trench,
contact, or via, followed by wet or dry etching. Preferably, the
dielectric material is a lowk dielectric (k < 3.0), such as k |ess
than 2.5, less than 2.0, or less than 1.5. In step 20, a barrier
material is deposited to forma |layer on at | east the 30sidewalls
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copper interconnect structure, an electroless or electroplated copper
process can B‘ee eRening i fillesvith p bullometgl. Fer aGoppsvintermanaectsEuGHES
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[0012] tn step 50, the structure is planarized to remove the excess portion
of the conductive material by any suitable technique such as chemical

16 mechanical planarization (CMP} or an etch-back process.
[0013] The damascene manufacturing prbcess can either be a single or
double (dual) damascene process. For the latter process, either the via-first
approach or the trench-first approach can be used.
[0014] Ideally, the diffusion barrier material can prevent the migration of
20 copper atoms into the surrounding dielectric material, as well as have a low
solubility with copper, without forming any intermetallic compounds.
Exemplary barrier materials include tantalum (Ta), tantalum nitride (TaN),
ruthenium (Ru), ruthenium oxide (RuQ,) and alloys thereof. Other candidate
materials for diffusion barriers can also include chromium (Cr), molybdenum
25 (Mo), tungsten (W), and rhenium (Re). For example, the barrier material can
be coated by physical vapor deposition (PVD), atomic layer deposition
(ALD), or the like.
[0015] Physical vapor deposition (PVD) is a coating technique
characterized by the evaporation of atoms or molecules from a source under
30 low pressure. The atoms or molecules can either be produced by
evaporation from a source or directing energetic gaseous ions at a source
{or target) to sputter the atoms or molecules. These atoms or molecules
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15 mechani-cal planarization (CMP) or an etch-back process. [0013] The
damascene manufacturing process can either be a single or double
(dual ) damascene process. For the |atter process, either the
via-first approach or the trench-first approach can be used. [0014]

I deal ly, the diffusion barrier material can prevent the mgration of
20 copper atoms into the surrounding dielectric material, as well as
have a | ow solubility with copper, wthout formng any internetallic
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t echnol ogy t kat fefrh erthint file. adofafstbyedl@s@rqef Qs ihto theThafibeRi sMerathgh
hi gher aspect rati os m%theater 15t han 2) IDis a self-limting

coating t echfiggerfase GWUF)ﬁfzi%tﬁafﬁ”é’W&ﬂéi’y the removal of any excess
precursor through the introduction of a purging gas. A second precursor is

20  then pulsed into the chamber, reacting with the first precursor, forming a
single monolayer of the thin film. The excess second precursor and any
reaction products are removed, through the introduction of a purging gas.
The process can be repeated a desired number of times until a desired film
thickness is achieved.

25 [0018] Although tantalum, tantalum nitride, ruthenium, and ruthenium
oxide are excellent barrier materials, if the surface of the barrier layer is not
properly controlled to prevent oxidation before and during deposition of the
seed Iéyer, the structure may delaminate, regardless of the deposition
technique used. For example, tantalum is susceptible to the formation of

30 tantalum oxide. Although copper adheres well to tantalum, copper layers
often delaminate if formed over tantalum oxide, resulting in degradation of
the interconnect. Once formed, tantalum oxide is difficult to reduce to its
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i ntroduced into a deposition chanber, a single precursor at a tine,
to react and forma thin film A first precursor is pulsed into the
chanber, saturating the surface of the substrate, followed by the
renoval of any excess precursor through the introduction of a purging
gas. A second precursor is 20 then pulsed into the chanber, reacting
with the first precursor, formng a single nonolayer of the thin
film The excess secondjprecursor and any reaction products are
renoved, t hr owgfallicistatentihuguitisi hjghlwdeairpéegha@hga@homhﬁlqodejm@ﬁbncan
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due to poor adhesion 5 characteristics, For exanple, tantalumnitride

and rut heni ui@8ldée™ f%r?dstaa PETR ARrepberiment of ag Hggwcgﬁnﬁatysém@ttfrsrm
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an overlying tantalum | ayer, which adheres to both tantalumnitride
and copper ndisteciplayed’ ek danositad by \a 9 usingraispisrdrulechriqde, an

|
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Il electric | osite 0 u t {e or X e
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Preferably, | electric layer 1570 is a lowk dielectric (k 3.0),

such as k |e@89haﬁld2858uqlb@%Ft-ﬁa\ﬁFlizL@ (panuiastured By TIlksn)@Leerﬁ%es of
sui tabl e | owpa (NG {rhindfBLGFPby AbBhtd Rfiterials), CORAL ® (manufactured

20 by Novellus), AURORA ® (manufactured by ASMI)}, organic polymers, such
as JSR ® (manufactured by JSR) and SiLK ® {(manufactured by Dow
Chemical), or mesoporous glass, engineered with porogens to enhance the
low-k characteristics. Higher dielectric constant materials (k = 3.8 - 4.0) can
also be used for contact layers, including borophosphosilicate glass (BPSG)

25 and tefraethylorthosilicate (TEOS). A masking layer, such as a photoresist
layer (not shown), can be deposited and patterned over dielectric layer 70,
followed by etching to form opening 80. In an exemplary embodiment,
opening 80 can either be a via, a contact, or a trench.

[0021] As seenin FIG. 3, a first barrier layer 90 is deposited on at least the

30 sidewall surfaces of the opening 80 in dielectric 70. If the opening 80 has a
relatively higher aspect ratio (i.e., greater than 2), first barrier layer 90 is
preferably deposited using the ALD technique. By depositing one monolayer
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Si 02/ si | oxane deyivatives such as F- and C-doped organosilicate gl ass
(OSG) oxides, such as FLOWI LL (rmanufactured by Trikon), BLACK

DI AMOND @ (manuf actured by Applied Materials), CORAL (nmanufactured 20
by Novel lus), AURCRA 0 (manufactured by ASM), organic polymers, such
as JSR (manufactured by JSR) and Si LK @ (manufactured by Dow

Chem cal ), or nesoporous gl ass, engineered with porogens to enhance
the lowk characteristics. Hi gher dielectric constant materials (k =
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filament [0023] Examples of tantalum precursors can include pentakis
(ethylmethylamino) tantalum (PEMAT), pentakis (diethylamino) tantalum
(PDEAT), pentakis (dimethylamino} tantalum (PDMAT), t-butylimino
tris(diethylamino) tantalum (TBTDET), t-butylimino tri-(ethylmethylamino)

25 tantalum (TBTEMT), tantalum halides (i.e., tantalum pentafluoride, tantalum
pentachloride, tantalum pentabromide) and derivatives thereof. Examples of
nitrogen-containing gases can include ammonia or N,N-dimethylhydrazine.
[0024] As shown in FiG. 4, tantalum- and nitrogen-containing first barrier
layer 90 is subjected to hydrogen reduction to create a tantalum-rich zone

30 90B (i.e., TaxN, with x > y) and a tantalum nitride zone 90A. As illustrated in
FIG. 4, tantalum-rich zone 90B overlays tantalum nitride zone 90A, the
tantalum nitride zone 90A being interposed between the dielectric material
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20 ALD. Plasma enhanced ALD can include both direct and renote

pl asmas. [0023] Exanpl es of tantal um precursors can include pentakis
(et hyl met hyl am no) tantal um (PEMAT), pentakis (diethylam no) tantal um
(PDEAT), pentakis (dinmethylam no) tantalum (PDVAT), t-butylim no
tris(diethylamno) tantalum (TBTDET), t-butylim no

tri-(ethylnmethylam no) 25 tantalum (TBTEMI), tantalum halides (i.e.,
tant al um pent af | uori de, tantal um pentachl oride, tantal um

pent abr om de)/0zardl thertantztimechtdone®B. Hyaniogenaontent of the tantalum

ni trogen-cont ai.ni.n s_can_.inglu agnoni a_or, .

NN d et by e 2RE S0Rde SATataE fietidfin AR Cootent f e fanplumyich

ni t r ogen- contzansign. f THestankdlnm-ith 2enee90B tnpovey the aHREsION ohfikkt 68/TRr
reduction to create a tantalumrich zone 3090B (i.e., Tax Wi th x>

y) and a t aniaeiS0iP@any Rverying roetals. A4ch s Fuineatusy of RORRES, faf example.
tantal um 5i clyeRRferdRRBuRNES bae{%ltﬁér%@gaﬁwéb ﬂe e%%?re%%uoﬁ o by

tantal um nitri"de zone 90A being I nterposed en the dielect
mat eri al 70 expasuredo @dmdapgen-cortrining plasor. desaerited belgen cont ent of

t he tantal um id n f
the t ant al umP ] 2 &P EBAR. Sy B El, InedAntelin bt AR R RS
ad[‘ﬁSi on of ft"rs*tsb‘arrba‘rl?ycﬁ‘rgﬂ ea)re:)e%shm geated\e%héasri? amhdh@tlveﬁ,;lﬁ.’ium%d
rut heni um or co , for e ro u on can . either be
per for mod. by oF AERE sq e BT Gar P ESPB SRPerss & form & Gantalum-fich
hydr ogen{gontah8ifthetanim riiae (siatad &l ritund-A&P2dnd QOAE PigeBkary
enbodi nent, the tantalum and nitrogen-containing first barrier |ayer

90 can be pl 48res fardhe elasma Heaknent can inglade hydreogn ddel pEMMeRia (Mo}
source (down

nthe t ant arnaanheR (BRTER ERPSEH 43 aldbrl (ArTbEn b BBV e
gases for thdopl ratarhomraimulréﬁﬂ scanm toraﬂoutléomsdcnmgé‘me(ﬂﬂ@y raterafitne a
(NH3), and an Lhert carrier Chh RS AT 40 AY, hel

Wih & total WyPBEh s EEe FRET Aud bRt oAb s SO A DM e
f1 ow rat ¢50f of Benhoris @QﬁfbeQﬁj'ltdﬁdtﬂﬁ 1bo@mbﬁbdme fi&0 rét@coﬂth@ ifiDyds 41
sccm The flow rate 15 of ammoni_a can be up to about 100 sccm The

flow rate of PEAP torfRout gQ seam- bkha parbeiyaEsWBEaaRHmN R darsm fresY
pressure canaBguf £ nifr foaélﬁlf‘uthVOOrWF 690Mth 2 WareF terhSeraRitetin 8% A T%%rfrom

with a wafer tenperature I n range from about 10C to about
The tr eat men@bedi0°Exlie am\tjaof)rfémmbdmatmsngtw@mg rapgefom abag 15

d )
aah oo T+ enueseyo il ML 150 sEEBRRE Do i HBOR B SdecieR, Mebaieral 1
applied 20 athie plgemacy raficafbequenzy VRE) powabbetwe2h. ﬂ)d\dﬂ?_DO[WGﬁ@aboEbr
hyd [ hel d j
eyl og pi ns AOUINERAN e sBENELAST BRoHEHS! Siaboub e a0 BHSUA T R Mz o1
by a bottom ¢ I OFlsY, hydiPodéh @lbﬁyﬂroé&ﬁyﬁéh@h PR s Qéﬁé’rﬁﬁﬂpmﬁ 25 400
kHz to about 27 MHz. For a 20 di aneter wafer, up to 50 Whias

power can be ingssiyely cou@kﬁémsmaﬁ@ﬁa@&gﬁ A RG baawo\ﬁeh@arpea@pph%&n er

the wafer by a bottom electrode, up to about 100 W, at an RF frequency of
25 400 kHz to about 27.3 MHz. For a 200 mm diameter wafer, up to 50 W bias
power can be applied. However, when applying a RF bias power, heavier
inert gases, such as argon, should be excluded from the process gases,
because sputtering effects could damage thinner tantalum nitride layers.
[0027] In an alternative embodiment, the tantalum nitride can be treated in
30 a capacitively coupled parallel-plate plasma apparatus. Process gases can
include hydrogen (Hz), ammonia (NH3), and helium (He) with a total gas flow
ranging from about 100 sccm to about 1,000 sccm. The chamber pressure
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i nert gases, such as argon, should be excluded fromthe process
gases, because sputtering effects could damage thinner tantal um
nitride |layers. [0027] In an alternative enbodi nent, the tantal um
nitride can be treated in 30 a capacitively coupled parallel-plate
pl asma appar atus. Process gases can include hydrogen (H2), anmonia
(NH3), and helium (He) with a total gas flow ranging from about 100
sccmto about 1,000 sccm The chanber pressure can range from about
100 mlorr t ocahoahg®d@Omatmout,08i rhiioa tevabeut SE P oat with a walrng from

about 10C to,about ,200C. To .genetat | .as ower t ween
Sbout 100w+ SRBBRITE rapenB R BLoUE A e o L 2pp S ST ot
13.56 MHz t o ppiapnid, fPRMpbwefbeRiedn abot 1WOWETto au@uwmqnvtcamew and
at a frequency bet'ween about 400 kHz to about can be aFglpl | ed.

However, whe@PRlRA gt Adreguercyplabaitisdt Mé’a\ﬁp@bophég Mhasaa R bias as
hgul
ot Poct s eaul GoNBras gt 208, I B AFHEERCAER BemceR IR BB ! O

anot her enbodbneh? Miihean bhatapplied.n Howeser, sehenbappiying addF ibiasapower,
downstream or__renot e I‘OCESSI rat us (0] Su

rentnence. CDeRR e LR P RE A SRR AR el i Pgmzgoess

hel i um ( He) gasés, dagansé Aplittaririgieffedts talild grsnddeoivirfried tasthlin nitfde sccm

to about 2000 sccm The process pressure can range from about 0.5
Torr to about®¥™orr, with a 15 process tenperature ranging from

about ZOCOtOB Gyt I%%th%rﬁﬁocﬂﬁ%’f the tNRERINARHe é&l@béﬁ"tﬁe@t&bﬂﬁ
2,500 Wcan be apgl ied at a frequency of about 400 to about 2.56

MHz. Due to ¢pwng ﬁ@meorgemﬁ%lpb@mac@rocesﬁln@épp@@malIatnﬁwmtr@aime&%rs
wi |l not be r t a [ 9]
Once the tan?%gﬂ%qﬁpzo%%@rﬁgéﬁ@q@hggpﬁgm)th ﬁ'ﬂga{% ayer
90, an over| prgun dP@mthmstotahgadiftaMeﬂrmcﬁ.;mﬂ;ﬂO@dccm tprabmehﬂO@(lheccm
formati on of .t antal um oxi de. § Jf.‘ﬂ.n })?.lum (o) hde
the tantal um Pcpﬁ"%%sf?epr%%"%aﬂr Bf‘g/a %‘ﬂrﬁd © wih @
at mosphet® (prévess témwemwr@erangmgl ff(ﬂﬁ Bl 26°C b @tsom 208€QURN RF power
at nosphere) BI’I or to depasiting ani/g 26averlying film [0030] As

i | lustrated PRVgRY akoutsdRINJombort 85000 santsparpliediat afspaenayf

about 400 kHz to about 2.56 MHz. Due to the remote plasma source,
thinner tantalum nitride layers will not be sputtered by heavier elements,
such as argon.

20 [0029] Once the tantalum-rich zone 90B has been created within barrier
layer 90, an overlying layer is immediately deposited to prevent the formation
of tantalum oxide. To prevent formation of tantalum oxide, the tantalum-rich
zone 90B is preferably kept in a controlled atmosphere (i.e. a low oxygen
environment, such as a vacuum atmosphere) prior to depositing any

25 overlying film.

[0030] Asillustrated in FIG. 5, second barrier layer 100 can be deposited
over first barrier layer 90 to further enhance the barrier properties. For
example, second barrier layer 100 can be an oxygen diffusion reducing
material, such as ruthenium. If the opening 80 has a relatively high aspect
30 ratio (e.g., greater than 2), second barrier layer 100 is preferably deposited

using the ALD technique. In one embodiment, ruthenium is initially



over first barrier layer 90 to further enhance the barrier

properties. For exanple, second barrier |ayer 100 can be an oxygen

di ffusion reducing material, such as ruthenium |If the opening 80 has
a relatively high aspect 30ratio (e.g., greater than 2), second
barrier layer 100 is preferably deposited using the ALD technique. In
one enbodi nent, rutheniumis initially deposited by ALD as second
barrier layer 100 at a thickness between about 20 A to about 40 A

[ 0031] For defepesitéhlyAlhasseconsdybariby layat heh atienticknessdmteean @bout

pul sed into ction nber, which is maintained at a pressure of
about 100 5 %Progﬁo bo %&33 Torr. The substrate is heated to a

t enper at ure @003 UFod88sHditincpruthenid®lsy: ATDeruthésemt preturearns drenifsed
fromabout 100 mlliseconds to ahout 3 seconds, such that the

substrate sulfiQreastionchrmbel Wilehismaaingy et asresswaehabat 100
precursors THATEREE bEIt SNBDThel ubRUAAFH Hilatdl & té@érfgﬁa df @oBut

argon), followed by the introduction o ydrogen (F gas, h a

similar pul sd50fGdo abousdD Cor Theépulsatimetamranagediers@oulh@l r ut heni um
precursor and. .. I i | .v-1 hi
conformal | a&é‘b'gg?&)r(%ﬁgﬁba%g%gggﬁéé%&tggéé&g%%g E%&%?@%WSF %déug%tgraé?g
renoved V\ﬂen v\tilmlea n&mcila'bmn oCh&hdma‘gn*i ﬁreprrsgaedThletréacaimni chantbegds pUryed. ,
argon). The ¢ e can be repeate nt i e.appropriate rutheniu

Y Coness 15D o feik e (e cataen dpiovsd b uib PidBucfimof miediaen )
thermal ABD, gakawliB sesiMachdsélifde &5 used forthARAENIARPreBLABIRThe
enhanced ALD can include both direct and renote plasnas.

Al t er nat i vel yuthgrivemprecursesjanddhe hydiagen gas reapisdpdgen agatpmically-thin,
react with t j - SQr . I ium
precursors i %gpﬁdélyéﬂyg %Q?ﬁ“%‘?@ai%‘r?ﬁ F% B%%?E%%r%%?&ﬁ%%ﬁ#g 48

bi s( et hyl cyclremewedsihenyth reantivardhambfeRig Euger2yithoan dert gag (evgs

t hereof. [00 escribed above, .rutheniumoxide.is 00r .. .

catal vt o supteat Gl Sl Be RisrC L hRE FuB g Bl ipkness
However, 15ut feachieveki AeDapopition ité?Sm@Wﬁindiufdfeliﬁé@mﬂbmw,i ;ﬂagl_rﬂa
properties to coppe gration, in conpari son to rutheni um is
barrier eff e@pﬁﬁgg‘%djéﬂboc’f Ret lamget AbR- Fibepsonansed GsPdranangivget he
grai n boundanp@dirdctdtdnBrHE bR, Afttativilg ARRBARINH,S cEABe used
formati on of a Ru/RuOx/Ru conposite as second barrier layér 100. This

conposi t e se@smhysipger Fourgpde raay vt tbeguthenjurp Per@tsdron of t he
gpgg;'r Vi N9 Tiods2) T ENanHES of ARARAIMHBbESors inbilick B (@YA8p RGERRYY
2 ruthenium (RuCp2), bis(ethylcyclopentadienyl) ruthenium (Ru(CpEt),) or

derivatives thereof.

[0033] As described above, ruthenium oxide is a poor catalytic surface for

any subsequent electroless copper plating. However, ruthenium oxide can

provide enhanced diffusion barrier properties to copper migration, in

25 comparison to ruthenium, This barrier effect is due to the reduction in
copper diffusion along the grain boundaries in ruthenium oxide. Thus, one
approach is the formation of a Ru/RuQ,/Ru composite as second barrier
layer 100. This composite second barrier layer 100 offers: (i) protection of
the underlying Ta or TaN layer from oxidation; (ii) improved barrier properties

30 of ruthenium oxide; and (jii} the appropriate catalytic surface for subsequent
electroless copper plating.
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300f ruthenium oxide; and (isii) the appropriate catalytic surface for
subsequent el ectrol ess copper plating. [0034] Ruthenium cont ai ning
second barrier layer 100 is subjected to oxidation to create a

rut heni um oxi de zone 100B and rut henium zone 100A. As illustrated in
FIG 6, ruthenium oxide 100B overl ays rutheni um zone 100A, the

rut heni um zone 100A being interposed between the first barrier 5

| ayer 90 and rut heni um oxi de zone 1008. For exanple, the thickness of
r ut heni um oxifa@34jonRultGHiRirnaontamgg secomd bboigr Id;&rAODOS abbjet:teti&oA.

The rut heni um oxi.de .zone ,100B..i roves

(o copper. m GMEHTAG. 18 SEalE SaPMaTra Ga s 2onsotifs aRE aheiufhedg 106K
enbodi ment, &4 ifkaétiA8d ireF Gl 6luehehifh uﬂiaemlmér%g& r@ReRRM zwmé h
oxygen (02) car bon nmonoxi de (CO, or carbon dioxi process

gases, eit her'OPAdfRa wiRgniymeoner %mlﬁaﬂnt@mosggthe@mw §he) fyskbariefor e
di | ution gasei%%,a r%%@ﬁuﬁ@%mm@e %@W@VFBP&% R TIeN anEQBFSS
S e per Ive

gas. The pla processi ng can ormed I'n an nduct coupl ed
pl asma appar attheniupapsidetzonel P0Boza raatgpifesmabapptl Attosboat diiMnsﬂ' heam

| 15 036 f
P tnen Lo PR Retitim, Sigbong 100, i s ST HSOR tAs-TrkhSHies ta erpren o
crgat;a_ r ut hemugratmgphszles;enbﬁtaﬂﬂ:%ovéﬁ a r?ﬁul ts of the hydrogenB .

uctil on, en conten (0] ru enli um e, zZon | S
s b T han o8B et S b lony P OSIRATt O RSP Bis88 el b piosma
one 20 elﬂ)Od*tr@ﬁﬂﬁentrWH‘éWgéﬁ(Ofgrb&%‘?nib(?ﬁ%déa{@@)eof HAIRRI dIGRiAE(C0,)

As shown, rutheniumrich Zzone 0C overlays rut heni um oxi de zone
100B, the ruPFGHES§EaSRE deithesindividodly onis copdinative. \i@plipnallyhene arimesme

100A and rut

rutheniumric Bﬁm%mé%%g&agg?\ségﬁ&goug rg&%‘ﬂ%&:tge %Erkﬁ]‘l’ﬁd H%%?Eﬁé%ss éeis
anot her enbodh&mhsmﬁbrmdasshigl aanrimpemﬁcbrmed hem lmduzmmy d:@lﬁhbd@l‘asmmge
fromabout 5_A to 9‘9 | oqt] eniumrich zone rovi des
the apor opr | 2PRR LTS Eabattugly RSP ISETIn Bkl ot e oreadt bRSHR Y
pl ati ng, 18s daﬁgwatm@d)ra}b@um [ 0037] Hydrogen reduction of ruthenium
oxi de can either g rforned b thermal reduction or by exposure to

a hydr ogen- cm%ﬁ ni er\ '%Waﬂ% nfytgeniup ayde gengd0RBdS ngxkeyhieriad to
above for r eﬂy&:'oﬁgntr@@&@dﬁr'ib'?ﬂréétbqﬁthehﬂln%-'?’cﬁ&%ﬁ@'1@0¥3 eﬁ@ﬁ@ﬁgﬁfgof the

hydrogen reducti on techniques I nclude plasnma treatment wt ydrogen
(1-12), ammohydrogrrggduction, the exgen content b the mithepuocedde gane 4 0B is
greater than the oxygen content of the ruthenium-rich zone 100C. In one
20 embodiment, ruthenium-rich zone 100C can be ruthenium metal. As shown,
ruthenium-rich zone 100C overlays ruthenium oxide zone 100B, the
ruthenium oxide zone 100B interposed between ruthenium zone 100A and
ruthenium-rich zone 100C. For example, the thickness of ruthenium-rich
zone 100C can be about a monolayer in thickness. In another embodiment,
25  the thickness of ruthenium zone 100C can range from about 5 A to about 10
A. The ruthenium-rich zone 100C provides the appropriate catalytic surface
for subsequent electroless copper plating, as described above.
[0037] Hydrogen reduction of ruthenium oxide can either be performed by
thermal reduction or by exposure to a hydrogen-containing plasma, similar to
30 the methods described above for reducing tantalum nitride. In an exemplary
embodiment, hydrogen reduction techniques include plasma treatment with

hydrogen (Hz), ammonia (NH,), helium (He), or argon (Ar) process gases,
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either individually or in conbi-nation. The plasna processi ng can be
performed in an inductively coupled plasnma apparatus, capacitively
coupl ed plasma apparatus, a downstream plasma apparatus, or the |ike.
[0038] As illustrated in FIG 8, a copper seed layer 110 is deposited
over 5 rutheniumrich zone 100C. For exanple, copper seed |ayer 110
can be deposited using PVD or electroless plating techni ques.
Fol | ow ng the deposition of copper seed |layer 110, the opening 80 is
filled wth #ither individuglly o2dn combimatinnhdhemiasna pronsssingresctbe e, as

il d i anl ' be filled.wth

bul ket et 198rTolERd 2 M etGeR BupRBadie BBodlys capabinh Y frbRRls

The det ai : S fpdys_ntdnapmreg]s,@ mmmnleplapt@témrm%@ﬁtgfaﬁsdesc[! :afadd
n comon - ne al e I catl on . L, , Lentl e

"' System and 18948l g%HfUﬁHﬁﬁ%ifa% oF ﬁeapmﬁﬁgﬂax@rn 10 inilepogited over

El ectrol ess GaRBRNRHSA zBHe 1 gFggspgﬂtéxéﬁgméz%PBbr QéedMy'ygllﬂthfgﬁrb%by

I ncorporated by reference. 1 ] As illustrated in any

excess bul k ﬁepaqsiteﬁz'@siegrl?v&orel!eﬁv_@@sgplq@ingrtmhrﬂmeaaﬂl@cvﬂmqiaes,
such s chenteal e beeLal ol ! FFaln o'k MRk IHAL

descri bed abov control 'over Interfacia I nc I ng
control over netaldid torforralthewwetcoanécrsimictuve, af illastnatgl-in &Edbi 8y For

i nterface. One_ 20 roach for, controlling interfa ality is

t educi ng t he CE2 BB PECAINGEN bes ke Wity copperdbyk mefal 30, y8inG qappan
oxygen- cont aieRichglez8lur@MdctrdPhainginoessd) Tise 86tIIOFIFtRE efddtroRfsaC@pher
steps (e.g., ALD, plasnma treatnent) within an

p ! , D
at nospher i caPl3ingRipeess ¥e dasglibed NrsB@eslyrassiones Wishifatert Apgligation

exposure. Thj I " i ' i Al
assigned U. S.Ni)lbg? glr?lt@ﬂps?leﬁggﬁ O%WN%W @ﬂ%%ogﬁpg%@ﬁggngbfoﬁﬂg?@%ed

U.S. Patent hpmssildueign Eksirolayssiopmesslating. | ﬂweeailti'r@cgn®9§ obwbicByjist em
content of whPSHSEE b Bl BRTAGE o0°b) " ef or ence. [0041] FIG 11
iIlustrat®s pOO3I9YplAS illedtratedanetGe10faryoskeess bpikonets 120@ande 200
Transf er chafBBPVeLey REDRHZEUT FoNTBCR HESH e ETaRa BaNENEfler be
mai nt ai ned apofsHiY¥EMEyoHetHbadk. | | ed with an inert gas (e.g.,
hel i um nitrogen
[0040] As described above, control over interfacial properties, including
control over oxidation, allows the formation of a high-quality interface. One
20  approach for controlling interface quality is reducing the exposure of as-
deposited or as-treated layers to an oxygen-containing ambient. One
approach is performing all process steps (e.g., ALD, plasma treatment)
within an atmospherically-controlled modular process tool to minimize
oxygen exposure. This modular process tool is also described in commonly-
25 assigned U.S. Patent Application No. 11/461,415 and commonly-assigned
U.S. Patent Application No. 11/514,038, entitled "Process and System for
Engineering a Barrier Surface for Copper Deposition," the entire content of
which is hereby incorporated by reference.
[0041] FIG. 11 iillustrates a simplified schematic of modular process tool
30 200 with transfer chamber 210 connected to processing chambers 220-270.
Transfer chamber 210 has a controlled atmosphere and can either be

maintained at a low-pressure or filled with an inert gas (e.g., helium, nitrogen
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or argon). Transfer chanber 210 can al so be equi pped with robotics to
transfer wafers between each of the processing chanbers 220-270. In
an exenpl ary configuration, processing chanbers 220-270 can be: (i)
an ALD reactor 220 for the deposition of tantalumnitride; (ii)

hydr ogen reduction 5 chanber 230 (i.e, thermal reduction chanber or
hydr ogen- cont ai ni ng pl asma processing apparatus); (iii) an ALD
reactor 240 for the deposition of ruthenium (iv) oxidation chanber

250 (i.e., o¥j@esrmortransfenghambenaldear alsoibryeasppediniis)robetios tg
copper seed layefodeRan Eéﬁ%eﬁmg{;eﬁ@@r&bsﬁpg cﬁgﬁbe@%@—?ﬁbwlﬁ an
. By I np ng

el ectrol ess copper plating system ment | €’ process
steps il | ust rexesplany dehligurafion, pnocesding ubamberso220-2v0 pao bes i)tamoALD

200, oxidatiaon_qf sdeppsited .or as-treated netal an be mnim zed.
Zoas, a2 SPedthr 220, A8 e R R iAol B0 hufibehrreliCidh.

sem condugt oichardet P30, & tharMATHIRIRINVEHPRTEYr hyd SYbtl cAtamafrplabed
above, the oxidation of a tantalumcaontaining barrier 15 | ayer can be

detrimental dNRCASSNSRPPHAWSS (i aBrALdY E9acienvst thier Hesdepasitisyelr |
t ant al um oxi b ok f : i ts LG r
el o ot B () Sildatib chERit 250 (16 S oRRIcR ddrafir ashid
barrier | ayePromssingapparaiusiide} @ coppe, sasudayeif dapasitiontehamberiesr (i.ed

Systom i n ¢ 1 SV (o SRS e 8 Sy RP 270, By i g

ni t r ogeni@ontfae piovgss istets ihastrated il BYy, 299 i sitsuding eiceililarprbyesoien

reduction to eate a tantalumrjch zone 908 in hydrogen . reduction
Chanber 230, 2DReoHARGN Shae HEPeT IS AR Geried MetelS to MImAE e R
deposi tion ofau@aaﬁwgéhurt.@atiﬁgti&ﬁéwmézﬁwnneerndnﬁmnzq}@@seﬁﬁeaﬁtﬁﬁ%%ﬂﬂe

substrate is transferred through transfer chanber under a
control | ed aHBSHHER a(MACHUM EBUIFOHRYRIYN cont ent) oxi dati on of

o) PO RS RoCCHRL SR, USSR LES iR s
has beenldeséayebednibe didtimentalidul to @ber adivesiorn obpesrlyingmetdisdi ment s
oot bl PR IR 35 A L Pl
enpl oyed, w eRamble]atar forfting tamall e apdafieogdn-tdrdtamiehdebakishidyer 90
d ains: in an ALD reactor 220, the wafer can be transferred to a separate chamber
for hydrogen reduction using the robotics system in transfer chamber 210.
20 Likewise, after tantalum- and nitrogen-containing first barrier layer 90 is
subjected to hydrogen reduction to create a tantalum-rich zone 908 in
hydrogen reduction chamber 230, the wafer can be transferred to ALD
reactor 240 for the deposition of an overlying ruthenium barrier layer 100.
Because the substrate is transferred through transfer chamber 210, under a
25 controlled atmosphere (e.g., low-oxygen content) oxidation of tantalum- and
nitrogen-containing first barrier layer 90 and tantalum-rich zone 90B can be
minimized.
[0043] While the invention has been described in detail with reference to
specific embodiments thereof, it will be apparent to those skilled in the art
30 that various changes and maodifications can be made, and equivalents

employed, without departing from the scope of the appended claims.
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1. An interconnect structure conprising: a |layer of dielectric
material having at | east one opening; a first barrier layer on
sidewal I s defining the opening; a rut henium and
oxygen-cont ai ni ng second barrier |ayer overlaying the first barrier
| ayer, the second barrier |ayer having a ruthenium zone which

consi sts of ruthenium a rutheni um oxi de zone, and a rutheniumrich
zone, theg dieni um zone being interposed between the first barrier
| ayer an rut heni um oxi de zone, and the rutheni um oxi de zone
bei ng i nterposed between the ruthenium zone and the rutheniumrich

zone; andj AR ,n@r&e,egctIsﬁﬁaﬁre%ﬁ{png,hs second barrier |layer and a
bul k net al f||||ng he entire openin wherein the seed | ayer and

bul k metal ar & lBysRsbgisleckic na%rgféhawg at le2sdpBe oRaNingy. 2. The

i nterconnect s firbiCaicd 1Ber 6h g.ugwg,us JMARIRG tHE odehingt he rut hen| umrich
zone consi sts of .ruthenium (%pthe o enln is atren conhﬁct or

via, (H) the afiuihea-iapd gy P| taining;sqcgNd Rargprd p¥sE OV 6" Y&g the fishher - k
di el ect ritHrrier layer, the $éd6hd bAgieBkayétdaning a rathanidhhadond MIRHBGOASISISofF UCt ur e
or aconta&g struct re an ial, of the first

mat
e o o epoin, S e A ORgPys Ao At Mo dh BitesRur fone
rheni um tRing inetposdd bétweanﬂfeaftrstwarﬂeg ldyBeandithe retberi@n bxigle zoied, ahe thef

rator af ;oranu SR ool ol o €t BTG e afn g e REbENGin-

t ant al umricarzdneriandogen containing first barri er |ayer;

treating the fd I%%F Bvﬁi the @%%P%BerlgfI%geraanﬁ%rguﬂJrH ¢fﬁ'[étﬁ(9 fyrgnd a

tantalumnitri e Z0 en cont en an al um
nitride zwesingswipreiatties seelddawetr ed hulkmﬁ}dnre;mmmsed of capper or a copper

t ant al um{] 9h zone, the tantalumnitride zone being interposed
between the dielectric naterial and the tantalumrich zone;

2, The interconnect structure of claim 1, wherein:
(i) the ruthenium-rich zone consists of ruthenium;
(i) the opening is a trench, contact or via;
(iii) the dielectric material is a low-k dielectric or a higher-k dielectric;
(iv) the structure is a dual damascene structure or a contact structure; and/or
(v) the material of the first barrier layer is chromium, molybdenum, tungsten,

tantalum, or rhenium.

3. A method of manufacturing the interconnect structure of claim 1, comprising:

forming at least one opening in a dielectric material;

coating sidewalls defining the opening with a tantalum- and nitrogen-containing
first barrier layer;

treating the first barrier layer to form a tantalum-rich zone and a tantalum nitride
zone, wherein the nitrogen content of the tantalum nitride zone is greater than the
nitrogen content of the tantalum-rich zone, the tantalum nitride zone being interposed
between the dielectric material and the tantalum-rich zone;

coating the first barrier layer with a ruthenium-containing second barrier layer;

treating the second barrier layer to form a ruthenium oxide zone and a ruthenium zone
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coating the first barrier layer with a rutheni um contai ni ng second
barrier layer; treating the second barrier layer to forma ruthenium
oxi de zone and a ruthenium zone consisting of ruthenium the

rut heni um zone i nterposed between the tantalumrich zone and the

rut heni um oxi de zone; treating the rutheni um oxi de zone to
forma rutheniumrich zone, the ruthenium oxi de zone interposed

bet ween t&ﬁ]sfs'ti'ﬁé‘mht‘ﬁgh ﬁﬂnﬁ!\eQMeﬁlH%%Hé Hﬂ%rﬁ%ﬁa@ befiten t gmtalur?-nf:h zone

coating a copper seed | ayer over the Seco arrier yer
t he openi #! Wif rhendypexide 2ereipl anari zing a top surface of the

di el ectric matpshiay the thedilf dXRfeYRHe & fofth 8l ritheniuiRhebRe, tRSnB <RI | S

of the first barrier %er are coated by atomc |ayer deposition
(ALD), th@?‘cfﬁa%O”ALf@?rPBP PRIWeSTHER Ceaenym zore arbutheniughdeh zoserend 5. The

met hod of cl aidBafing MoSHRY Qeéctlaye%l?eﬂ the e@écfneruamér vayélhfmng MBLRALHIRY with

precursor selected fromthe consi st i ng pent akis
(et hyl met $RPPERERS PlapaiAng %WP(SPEW\%W thediglesii @%‘Hiabt hyl ani no) tantal um
( PDEAT), pentakis (dinmet hyI am no) tantal um (PDVAT), t-butylimno

tris(diethylamno ant um ( TBTDET) , t-butylim po )
e < (et ryhaet nyTEea] OfCit Hh TR AR O B b eraene coalsd
The met hosly mbmmllwemaposfmr(ai_m), theemairad, iprgmafenhiscclliALEY obidt fila@ient
| ayer is ng[;formad by hydrogen reduction or by thermal hydrogen

n

reductio " by exposure to a hydrogen-containing plasma. 7. The
met hod of claim6, wherein the hydrogen-containing plasma is

generatedsin af,g rﬁ&H&? by @A o 4 QHE eﬁﬂh?'ﬁ%ﬁ? ?r‘?&%@%ﬁﬁ 2 nERARATLEING Y

coupl ed pl'asna appar at us, ream asme processi ng
appar at usselecgd fﬂmr@thmrhmuccmtslsumwofmestakMemlmethylwlIetédamﬁlutmdPENérT)

I

ennanced ARyl S @l(PRERE pot R iy i) Bl *RIATET

the ALD |tsb%séiﬁﬁrmtﬁ%@fe\mwarmlQO)Ba@elévdFBE@ﬁFhabéwwwo ﬂrufelﬂaaalmﬁhw@mmm)
or a bis(ghiahe RANGLAG LRI nakteReni um (Ru(CpEt)2) precursor. 10.

The nmethod of claim3, wherein the treating of the second barrier
| ayer to formthe rutheni um oxide zone is perforned by exposure to an

oxygen- cogit ai NfHatn&hae Bolaim ﬂwheﬂéhﬂhmbm@ &theChrat BBrbr 13YRE s Plefofnht!
treating of the rutheni umoxjde zon ormthe rutheniumrich zone

i s perf or VEYIRICAVHUSHINOT tﬁ’dﬂ%rmabhydg?g%‘;fef’%‘%ﬁf by,SPOBYEC £ BYeress N

or by expastditind plaém&ydr ogen-cont ai ni ng pl asma.

7. The method of claim 6, wherein the hydrogen-containing plasma is generated in
an inductively coupled plasma apparatus, a capacitively coupled plasma apparatus, or a

downstream plasma processing apparatus.

8. The method of claim 3, wherein the second barrier layer is formed by atomic
layer deposition (ALD), thermal ALD, plasma enhanced ALD, or hot filament ALD.

9, The method of claim 8, wherein the ALD is performed with a
bis(cyclopentadienyl) ruthenium (RuCp2) or a bis(ethylcyclopentadienyl) ruthenium

{Ru(CpEt)2) precursor.

10. The method of claim 3, wherein the treating of the second barrier layer to form

the ruthenium oxide zone is performed by exposure to an oxygen-containing plasma.
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12. The method of claim3, wherein all coating and treating are
performed in situ in separate chanbers, while maintaining the

sem conduct or substrate in a vacuum environnent. 13. The

i nterconnect structure of claim1l1, wherein the rutheniumrich zone
has a thickness ranging fromabout 5 Ato about 10 A; and the

rut heni um oxi de zone has a thickness ranging fromabout 5 A to about
15 A 14. An interconnect structure conprising a | ayer of
dielectric material having at |east one opening a tantal um
and ni t r oflen- comtragthpagf glaimst. wharein be treaijng of g siheaive Dedejednen? fgmt he

openi ng, #Beuthidigh-lRRZbhEs deﬁé’ﬁed%‘ﬁyﬂﬂ)g@n FEHNER AP, Itema PRI RRA @

tantalumnitride zone, wherein the ni'trogen content "of the tantal um
nitride zGAectos OQP)éSJEFé}SU'EeHaﬁ hA@RR-cPIgaNIPRAT Mt of the
tantalumrich zone, the tantalumnitride zone being interposed

bet ween the di eI ectric materjal and the tantalumrich zone;

r ut heni um2-and S eard etFRIE; hivhgreinalbrnatingang Epating pes PeSPEPE iR Sty it he

first bargdparaté atysfibers, Whils afmitsining tHd mitcaastonaibkiigte #h 4 VAR UM zone
whi ch consi sts of, ruthenium a ruthenium oxide zone, and a

rut heni un¥MeAM$¥ne, the rut heni um zone bei ng i nterposed between the
tantalumrich zone and the rutheni um oxi de zone, and the ruthenium

oxi de zong, bei |nter n. e .rut.heni um zone
O s om i o ghiarohRES Shucie SES Bl B yetn SR AP FRES Bk Mse 1 o
| ayer andhizkiesskamgigfrorf iabbutisgh toreboent(d Asandiba rutiggniunt exide rorteHesseed

| ayer andt %ﬁ%%éﬁ@#%@fﬁragg%{?%ﬁ’gﬁb%[’&?ﬁ’per or a copper alloy. 15.

The interc wherein: (i) the opening is a
trench, contact or via; and/or (ii) the dielectric material is a

| ow k d| el gct rArmeérrc@nQét%ﬂﬁétu#é ég’hg,lngﬁ ric. 16.The interconnect

structure of cla ereln kdlelectr_ic material is an
or ganosi | i cat e lgyerss d(et%tg)c majerdl havinghalleabt one peeningass (FSG, a

car bon- doped ox{zf@und dﬁ@%‘ﬁ%@ﬁ’%éntglhﬁﬁﬁ?rst(Brérr%F‘Ia%rgcﬁfi“él@e\n%‘Hgﬁ@‘ﬁ?ﬁng thé. The
i nterconnect structure of claim 15, wherein gher-k dielectric

mat eri al FRENHEr BB HES BAGIST lRyerdwexing |aé§t§alewg@)zoap and a tantalum nitride zone,
t et r aet hyidrbiR@sd hitrégdrecdnterES)the tantalum nitride zone is greater than the nitrogen

content of the tantalum-rich zone, the tantalum nitride zone being interposed between
the dielectric material and the tantalum-rich zone;

a ruthenium- and oxygen-containing second barrier layer overlaying the first
barrier layer, the second barrier layer having a ruthenium zone which consists of |
ruthenium, a ruthenium oxide zone, and a ruthenium-rich zone, the ruthenium zone
being interposed between the tantalum-rich zone and the ruthenium oxide zone, and the
ruthenium oxide zone being interposed between the ruthenium zone and the ruthenium-
rich zone; and

a seed layer over the second barrier layer and a bulk metal filling the entire
opening, wherein the seed layer and bulk metal are composed of copper or a copper
alloy.

15. The interconnect structure of claim 14, wherein:

(i) the opening is a trench, contact or via; and/for

(i) the dielectric material is a low-k dielectric or a higher-k dielectric.
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18. The interconnect structure of claim 15, wherein: (i).the
rut heniumrich zone consists of ruthenium (ii) the first barrier

| ayer has a thickness ranging fromabout 20 A to about 40 A, (iil)
the tantalumrich zone has a thickness ranging fromabout 5 Ato
about 15 A; (iv) the second barrier |ayer has a thickness ranging
fromabout 20 A to about 40 A; (v) the ruthenium oxi de zone has a

thi cknessqg fingfﬂégntfeﬁ'%ﬁh@é?gﬂ ctatedf EIQI&?Q%(&% e low-k dielectr(cv.r étgFiQ?s an

rutheniumrich zone has _a thi ckness of out a nonol ayer or a
t hi cknessorganmgilingtefaasm(@Belta fsopnated silieaglassgFAG).aneariesn-doped oxide(qj j )

the struchBédpotstsylddYadr epdlyrd uct ure. 19. A net hod of
manuf acturing a danascene structure on a sem conductor substrate,

conprising: formng at | east one opening in a dielectric material;

coating S‘i7deWal_'He_Snl‘éﬂiohﬁéd’ﬂgtl;tﬁdﬁ@re@P@Ilainﬂgs,\ﬂriet’éirﬁtrkaﬂ@réll'-u!Eﬂel@ﬂﬁ; m?terial is

ni t rogen-containi ng, first rrier |layer; o reating the first

barr o 1ERRROSENEHE SR AP G PP BT osHeP e LAl um i tr do

zone, wherein the nitrogen content of the tantalumnitride zone is

greater t{han the .ni trogen conten& antalumrich zone, the
tri

f t
Cantal um Do e B Rt ALl BHERRES he ar ol cott

mat eri al and t())ehd autealunmicH aimezonsgsts of ruthenium;
(i) the first barrier layer has a thickness ranging from about 20 A to about 40 A;
(iii) the tantalum-rich zone has a thickness ranging from about 5 A to about 15 A;

(iv) the second barrier layer has a thickness ranging from about 20 A to about 40
(v) the ruthenium oxide zone has a thickness ranging from about 5 A to about 15

(vi} the ruthenium-rich zone has a thickness of about a monolayer or a thickness
ranging from about 5 A to about 10 A; and/or

(vii) the structure is a dual damascene structure.

19. A methad of manufacturing a damascene structure on a semiconductor
substrate, comprising:

forming at least one opening in a dielectric material;

coating sidewalls defining the opening with a tantalum- and nitrogen-containing
first barrier layer;

treating the first barrier layer to form a tantalum-rich zone and a tantalum nitride
zone, wherein the nitrogen content of the tantalum nitride zone is greater than the
nitrogen content of the tantalum-rich zone, the tantalum nitride zone being interposed
between the dielectric material and the tantalum-rich zone;

coating the first barrier layer with a ruthenium-containing second barrier layer;

treating the second barrier layer to form a ruthenium oxide zone and a ruthenium
zone, the ruthenium zone interposed between the tantalum-rich zone and the ruthenium
oxide zone; and

treating the ruthenium oxide zone to form a ruthenium-rich zone, the ruthenium

oxide zone interposed between the ruthenium zone and ruthenium-rich zone.
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coating the first barrier layer with a rutheni umcontaining second.
barrier |ayer; treating the second barrier layer to forma
rut heni um oxi de zone and a rut henium zone, the ruthenium zone

i nt erposed between the tantalumrich zone and the rutheni um oxi de

zone; and treating the ruthenium oxi de zone to forma
rutheniumrich zone, the ruthenium oxi de zone interposed between the
rut heni um zone and rut heniumrich zone. 20. The nethod of C aim 19,

further conprising coating a copper seed |ayer over the second
barrier |#er, Theimethag ot Hainy Hd MirHigr GRPrsSIReerng aferqsT aeed iRy vyeEhe op
surface ofechbhepsHiel 18Fr! filfing the dpenlPwitfeédpper, @hd BlafhiBirkPa to‘ﬁl‘%@ﬁ@éé‘oftﬂh’l@
sidewal | s of the first barrier |ayer are coated by atom c | ayer
deposi ti oHElEAI®), thermal ALD, plasma enhanced ALD, or hot fil anent
ALD. 22. The method of Caim2l, wherein the ALD is perfornmed with a

tant al um precursor selected fro rou on of pentakis

(et hyl met%yl aning e %P§¢Iaﬂ'ﬁ %’E‘ir‘aﬁﬁ'” t"% Q@?%Ofﬁh‘?é THEA 1A @fant al um
( PDEAT) , dvarddaii Sorhidilagt by;bcamoﬁ QALDHeprhal mLUDBMEﬂi)a ,enhartmtj WLDTbi bt
tris(di e;ﬂ%ﬁgaﬂi r@) tantal um (TBTDET), t-butylimno

tri-(eth (AR R S no) tantalum (TBTEMI) and tantal um halides. 23.
The nmethod of Claim 19, wherein the treating of the first barrier

| ayer 15 9ETT OfIEAYa BYGEAPEN RIME RN L B DSR2 AXEGE8Rcysor

reducti on ‘or 0 a ’hydrogen-con
met hod ofse@caadfrmthevgiemmomstshm bmntagsrieibwlmemytanmgo ﬁaraalnm (PEMAT),

generat egpfén'fhk?s”(dleﬂng&?ﬁ|h65()%r¥talﬁf?ﬂﬂb%‘h§’ 'pgﬁfgﬂilgﬁ@@%&%‘r‘rﬁn@%rﬁﬁ%%bmﬁﬁ y

coupl ed asma a roc
appar at ust-bub@iminortie(dieghvtaseineftaclamiiT B9 DERWA &pulyliminh di-esidmethpaminogr

layer is {&QoRATRYERE ﬁ%@tdr@éﬂ% hdeResi tion (ALD), thermal ALD, plasnma
enhanced ALD, or hot llanent ALD. 26. The nethod of C aim 25,

wherein the ALD is performed with a bis(cycl opentadi enyl) ruthenium

(RuCp2) ogz.a bira(Réthyd 6HChAPES M) rebtitd @hé sl BNl 2

precursor. _27. The method of Caim 19, wherein the treating of the
second batsrioEReq %X/@fdr?Qf’”erﬁ’H'ﬁ“Pﬂér PythReRal Hrdreseredudica CE"QYE@?C\SB?%B& by

exposur e Rydrayan@éH@MihgCadn. ni ng pl asma. 28. The nethod of Caim
19, wherein the treating of the ruthenium oxide zone to formthe

rutheniumrich zone is perforned by hydrogen reduction or by thernmal
hydr ogen z4educf|tHeonetmsd bls/CIemes w‘nerdumtr@ Hyymugengemtaiamgailathmgs peasaed
29. The net hod {] g é t n&ﬁanq %rli%ati nﬁ ar e
per f or med" A "%‘1“{‘ 'S °°§r871§ Pé%SE’ ﬁ?&ﬁ@é‘#ﬁ acﬁ?ﬁﬁ' ECRAPHY'EY R PRearatus, or

sen condmdwnmmtmm processing@ppanaiisyi ronnent .

25. The methed of Claim 19, wherein the second barrier layer is formed by atomic
layer deposition {(ALD), thermal ALD, plasma enhanced ALD, or hot filament ALD.

26, The method of Claim 25, wherein the ALD is performed with a
bis(cyclopentadienyl) ruthenium (RuCp2) or a bis{ethylcyclopentadienyl) ruthenium

(Ru(CpEt)2) precursor.

27. The method of Claim 19, wherein the treating of the second barrier layer to form

the ruthenium oxide zone is performed by exposure to an oxygen-containing plasma.
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28. The method of Claim 19, wherein the treating of the ruthenium oxide zone to
form the ruthenium-rich zone is performed by hydrogen reduction or by thermal

hydrogen reduction or by exposure to a hydrogen-containing plasma.
29. The method of Claim 19, wherein all coating and treating are performed in situ in

separate chambers, while maintaining the semiconductor substrate in a vacuum

environment.
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