1 METHODS AND APPARATUS FOR BARRI ER | NTERFACE PREPARATI ON OF COPPER

| NTERCONNECT By | nventors: Hyungsuk Al exander Yoon, John Boyd, Yezdi Dordi
and Fritz C. Redeker BACKGROUND [1l]Integrated circuits use conductive

i nterconnects to wire together the indjvidual devices on a sem conductor
substrate, or to communicate externally to the integrated circuit.
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(1] Integrated circuits use conductive interconnects to wire together the individual
devices on a semiconductor substrate, or to communicate externally to the integrated circuit.
Interconnect metallization for vias and trenches may include aluminum alloys and copper.
As device geometry continued to scale down to 65-nm-node technology and sub-65-nm
technology, the requirement of continuous barrier/seed layer with good step coverage along
high aspect ratio geometry to provide void free copper filling becomes challenging. The
motivation to go to ultra thin and conformal barrier in 65-nm-node or sub-65-nm-technology
is to reduce the barrier’s impact on via and line resistance. However, poor adhesion of
copper to the barrier layer could cause delamination between the barrier layer and copper
during processing or thermal stressing that poses a concern on electro-migration and stress-

induced voiding.

[2] In view of the foregoing, there is a need for systems and processes that enable
deposition of a thin and conformal barrier layer, and a copper layer in the copper interconnect
with good electro-migration performance and with reduced risk of stress-induce voiding of
copper interconnect.

SUMMARY

[3] Broadly speaking, the embodiments fill the need enabling deposition of a thin and
conformal barrier layer, and a copper layer in the copper interconnect with good electro-
migration performance and with reduced risk of stress-induce voiding of copper interconnect.
Electromigration and stress-induced voiding are affected by the adhesion between the barrier
layer and the copper layer, which can be improved by making the barrier layer metal-rich
prior copper deposition and by limiting the amount of oxygen the barrier layer is exposed
prior to copper deposition. Alternatively, a functionalization layer can be deposited over the

barrier layer to enable the copper layer being deposit in the copper interconnect. The



PlIn view of the foregoing, there is a need for systens and processes that
enabl e deposition of a thin and conformal barrier |ayer, and a copper |ayer
in the copper interconnect with good electro-mgration performance and with
reduced risk of stress-induce voiding of copper interconnect. SUMVARY

[ 3] Broadl y speaking, the embodiments f#l1 the need enabling deposition of a
thin and conformal barrier |layer, and a copper |ayer in the copper
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to improve electromigration performance of the copper interconnect is provided. The

method includes depositing the metallic barrier layer to line the copper interconnect structure
in the integrated system, wherein after depositing the metallic barrier layer, the substrate is
transferred and processed in controlled environment to prevent the formation of metallic
barrier oxide. The method also includes depositing the functionalization layer over the
metallic layer in the integrated system. The method further includes depositing the copper
layer in the copper interconnect structure in the integrated system after the functionalization

layer is deposited over the metallic barrier layer.

[5] In another embodiment, an integrated system for processing a substrate in controlled
environment to enable deposition of a functionalization layer over a metallic barrier layer of
a copper interconnect to improve electromigration performance of the copper interconnect is
provided. The system includes a lab-ambient transfer chamber capable of transferring the
substrate from a substrate cassette coupled to the lab-ambient transfer chamber into the
integrated system. The system also includes a vacuum transfer chamber operated under
vacuum at a pressure less than 1 Torr. The method further includes a vacuum process
module for depositing the metallic barrier layer, wherein the vacuum process module for
depositing the metallic barrier layer is coupled to the vacuum transfer chamber, and is
operated under vacuum at a pressure less than 1 Torr. In addition, the method includes a
controlled-ambient transfer chamber filled with an inert gas selected from a group of inert
gases, and a deposition process module used to deposit the functionalization layer on the
surface of the metallic barrier layer, wherein the deposition process module used to deposit

the functionalization layer is coupled to the controlled-ambient transfer chamber.



[4] In one enbodiment, a nethod of preparing a substrate surface of a
substrate to deposit a functionalization |ayer over a netallic barrier

| ayer of a copper interconnect to assist deposition of a copper |ayer in

t he copper interconnect in an integrated systemin order to inprove

el ectromigration performance of the copper interconnect is provided. The
nmet hod i ncludes depositing the netallic barrier layer to |line the copper
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[14] Figure 6A shows an exemplary process flow of interconnect processing that

incorporates a functionalization layer.

[15] Figure 6B shows an exemplary integrated system used to process a substrate using a

process flow of Figure 6A.
DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

[16] Several exemplary embodiments for improved metal integration techniques that
remove interfacial metal oxide by reduction or add an adhesion-promoting layer to improve
interface adhesion and to lower the resistivity of metal interconnect are provided. It should
be appreciated that the present invention can be implemented in numerous ways, including a

process, a method, an apparatus, or a system. Several inventive embodiments of the present



[9] Figures 2A-2C show cross sections of a nmetal line structure at various
stages of interconnect processing. [10] Figure 3A shows an exenpl ary
process flow of interconnect processing. [11] Figure 3B shows an exenpl ary
i ntegrated systemused to process a substrate using a process flow of
Figure 3A. [12] Figures 4A-4D show crédss sections of a netal |ine
structure at various stages of interconnect processing to incorporate a
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DETAI LEBeDESeH usieg SRR& PEAISEIRERRFG. The interconnect structure(s)

is on a substrate 50 and has a dielectric layer 100, which was previously fabricated to form a
metallization line 101 therein. The metallization line is typically fabricated by etching a
trench into the dielectric 100 and then filling the french with a conductive material, such as

copper.

[18] In the trench, there is a barrier layer 120, used to prevent the copper material 122,
from diffusing into the dielectric 100. The barrier layer 120 can be made of physical vapor
deposition (PVD) tantalum nitride (TaN), PVD tantalum (Ta), atomic layer deposition (ALD)
TaN, or a combination of these films. Other barrier layer materials can also be used. A
barrier layer 102 is deposited over the planarized copper material 122 to protect the copper
material 122 from premature oxidation when via holes 114 are etched through overlying
dielectric materials 104, 106 to the barrier layer 102. The barrier layer 102 is also configured
to function as a selective etch stop. Exemplary barrier layer 102 materials include silicon

nitride (SiN) or silicon carbide (SiC).

[19] A via dielectric layer 104 is deposited over the barrier layer 102. The via dielectric
layer 104 can be made of an organo-silicate glass (OSG, carbon-doped silicon oxide) or other
types of dielectric materials, preferably with low dielectric constants. Exemplary silicon
dioxides can include, a PECVD un-doped TEOS silicon dioxide, a PECVD fluorinated silica
glass (FSG), a HDP FSG, OSG, porous OSG, etc. and the like. Commercially available
dielectric materials including Black Diamond (I) and Black Diamond (II) by Applied
Materials of Santa Clara, California, Coral by Novellus Systems of San Jose, Aurora by
ASM America Inc. of Phoenix, Arizona, can also be used. Over the via dielectric layer 104
is a trench dielectric layer 106. The trench dielectric layer 106 may be a low K dielectric
material, such as a carbon-doped oxide (C-oxide). The dielectric constant of the low K
dielectric material can be about 3.0 or lower. In one embodiment, both the via and trench
dielectric layers are made of the same material, and deposited at the same time to form a

continuous film. After the trench dielectric layer 106 is deposited, the substrate 50 that holds



[ 16] Several exenplary enbodi ments for inproved netal integration

techni ques that renove interfacial netal oxide by reduction or add an
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formed in the presence of oxygen (O2).

[23] In addition, copper film does not adhere to the barrier oxide layer, such as tantalum
oxide, tantalum oxynitride, or ruthenium oxide, as well as it adheres to the pure barrier metal
or barrier-layer-rich film, such as Ta, Ru, or Ta-rich TaN film. Ta and/or TaN barrier layers
are only used as examples. The description and concept apply to other types of barrier
metals, such as Ta or TaN capped with a thin layer of Ru. As described above, poor
adhesion can negatively affect the EM performance. In addition, the formation tantalum
oxide or tantalum oxynitride on the barrier layer surface can increase the resistivity of the

barrier layer. Due to these issues, it is desirable to use the integrated system to prepare the



5 the structure(s) undergoes patterning and etching processes to formthe
vias holes 114 and trenches 116 by known art. [20] Figure 1B shows that
after the formation of vias holes 114 and trenches 116, a barrier layer 130
and a copper layer 132 are deposited to line and fill the via holes 114 and
the trenches 116. The barrier |ayer 136 can be nmade of tantalumnitride
(TaN), tantalum (Ta), Ruthenium (Ru), or a hybrid conbination of these
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I ncrease’'the resistivity of the barrier layer. Due to these issues, it is

desi 1 aby gt 0 AUk Nfind WFEHERAL G8heP Yool BHoRAEPRVE: tCbarfier layer 102. The
dielectric materials that can be used to deposit 106 have been described above. After the
deposition of dielectric layer 106, the substrate is patterned and etched to create metal
trenches 106. Figure 2B shows that after the formation of metal trenches 116, a metallic
barrier layer 130 is deposited to line metal trench 116. Figure 2C shows that after the barrier
layer 130 is deposited, a copper layer 132 is deposited over the barrier layer 130. Similar to
the dual-damascene interconnect structures, the barrier layer 130 can be made of tantalum
nitride (TaN), tantalum (Ta), Ru, or a combination of these films. A copper film 132 is then
deposited to fill the metal trench 116.

[27] As described above for dual-damascene structures, barrier layer, such as Ta, TaN or
Ru, if exposed to air for extended period of time, can form Ta,O, (Tantalum oxide), TaO,Ny
(Tantalum oxynitride), or RuO, (Ruthenium oxide). Electroless deposition of a metal layer
on a substrate is highly dependent upon the surface characteristics and composition of the
substrate. Electroless plating of copper on a Ta, TaN, or Ru surface is of interest for both

seed layer formation prior to electroplating, and selective deposition of Cu lines within



barrier/copper interface to ensure good adhesi on between the barrier |ayer
and copper and to ensure low resistivity of the barrier layer. 1241 Figure
1B shows that the barrier layer 130 is a single |ayer deposited either by
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clean and Cap Clean 61, provided by Enthone, Inc. of West Haven, Connecticut. In addition,

metal oxides, specifically copper oxide, can be removed using a weak organic acid such as



[ 28] Figure 3A shows an enbodi ment of a process flow 300 of preparing a
barrier (or liner) layer surface for electroless copper deposition after
the trenches, such as trenches 116 of Figure 2A) have been formed. Form ng
metal trench interconnect over contact _plugs, as shown in figure 2A-2C, is
nmerely used as an exanple. The conceptsof the invention can also be used to
f orm dual - damascene i nterconnect structures over netal trenches, such as
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exposur Beedsd grpefdispends oghevenpshige e suitaes Barri er | ayer is hydrogen- pl asma
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substrate to oxygen. The el ectrol ess deposition process can be carried out
in a nunber of ways, such as puddle-plating, where fluid is dispensed onto
a substrate and allowed to react in a static node, after which the
reactants are renoved and di scarded, or reclained. Recently, a
dry-in/dry-out el ectrol ess copper process has been devel oped. The 9



process uses a proximty process head to limt the electrol ess process
liquid in contacting with the substrate surface on a limted region. The
substrate surface not under the proximty process head is dry. Further, al
fluids used in the process are de-gassed, i.e. dissolved oxygen is renoved
by commercially avail abl e degassi ng sygtens. [31] After copper deposition
at steps 307 and 308, the substrate can undergo an optional substrate

cl eani ngraessstsep a3fidxinktsproceysdend de pusit thoelectdess pracesh diqascmnpintatieg by
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capability. In addition, the system needs to be filled with inert gas to ensure minimal
exposure of the substrate to oxygen. The integrated system 350 has 3 substrate transfer
modules 360, 370, and 380. Transfer modules 360, 370 and 380 are equipped with robots to
move substrate 355 from one process area to another process area. The process area could be
a substrate cassette, a reactor, or a loadlock. Substrate transfer module 360 is operated under

lab ambient. Module 360 interfaces with substrate loaders {or substrate cassettes) 361 to



[35] Afterwards, the substrate is deposited with a netallic barrier |ayer,
such as Ta, TaN, Ru, or a conbination of these filns, as described in step
303 of Figure 3A. The barrier layer 130 of Figure 2B can be deposited by an
ALD process or a PVD process. In one enbodi nent, the ALD process is
operated at less than 1 Ton. The ALD rihctor 373 is coupled to the vacuum
transfer nodule 370. In another enbodi nent, the deposition process is a

hi gh- pr bsiag ke pulstetss3 isintg tisupesgrated isgsiem C@toansthro tigasubstreteatol one of the
precursors to formthe netal barrier. In yet another enbodi nent, the

deposi tF%?*ie"Eﬁsééiss is a physical vapor deposition (PVD) process operating
at pressures less than 1 Ton. [36] The substrate can undergo_ an opti gnal
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deposition process. For example, the substrate cleaning process can be brush clean process.




[39] Figure 4A shows a barrier |layer 401 with a barrier surface 410. Figure
4B shows that the barrier surface 410 is deposited with a functionalization
| ayer 402 of the chem cal-grafting conpl exi ng group 420. The conpl exi ng
group 420 has two ends, "A" end and "B" 12 end. "A" end forns a coval ent
bond with the surface 410 with bather Metal. The conpl exi ng group 420

shoul d have an "A" end that would forma coval ent bond wth the barrier
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metal structure is a contact, which is simlar to the contact 125 shown in
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| ayer S&ron@fbonding directly with the substrate. The complexing group has one end that forms a
covalent bond with the conducting or semiconducting surface. Using Ta as an example of
barrier metal for copper interconnect, the complexing group of the funcationalization layer
has one end forming a strong bond with Ta and another end forming a strong bond with
copper, or can be modified to a catalytic site that will bond with copper. For SAM formed by
chemical grafting, the chemical-grafting molecules are adsorbed by physisorption and
chemisorption from the solution onto solid substrates to bond with the surface and to form

ordered and a molecular functionalization layer, which is a self-assembled monolayer.

'[39] Figure 4A shows a barrier layer 401 with a barrier surface 410. Figure 4B shows that
the barrier surface 410 is deposited with a functionalization layer 402 of the chemical-
grafting complexing group 420. The complexing group 420 has two ends, “A” end and “B”



13 chem cal -grating conpl exi ng conpound is deposited on barrier |ayer 502.

I n one enbodi nent, the thickness of the functionalization |ayer 503 is

bet ween about 5 angstrons to about 20 angstrons After the functionalization
| ayer 503 is deposited, a copper seed | ayer 504 is deposited over the
functionalization |ayer 503, as shown §2n Figure 5D. After copper seed | ayer
504 is deposited, copper gap-fill layer 505 is deposited, as shown in
Figure &, fA42]enfi fprme HAoedlentsband enthothensnfacof418 prtbcbarsier mmsfalof The
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above, preventing the barrier |ayer fromexposyre.tq _oxygen i.s critigal in
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t he subggeieepirfidencti onal i zati on | ayer deposition step. The reduci ng plasma
treatment is optional, depending on the conposition of the surface.
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thick copper bulk fill (also gap fill) |layer can be depopsited b n.ECP
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bulk fill by either an electroless or electro-plating process at step 609,
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deposi t i®
Examples of organic acids include 22-mercapto-1-docosanoic acid, alkanephosphonic acids,

and octadecanoic acid. An example of amine includes diaminododecane. Examples of
pyrrole include n-phenylpyrrole, and 2,5-dithienylpyrrol triad. The “B” end should be
functional groups that contain elements that selectively bond to Cu. Such elements include

copper (Cu), cobalt (Co), and ruthenium (Ru).

[41] Figure 5A shows an opening 510 of an interconnect metal structure (metal 1) that is
surrounded by a dielectric layer 501. Figure 5B shows that a barrier layer 502 is deposited to
line the metal opening 510. The bottom of the metal structure is a contact, which is similar
to the contact 125 shown in Figure 2A-2C. The barrier layer can be deposited by ALD, PVD,
or other applicable processes. The thickness of the barrier layer is between about 5

angstroms to about 300 angstroms. Figure 5C shows that a functionalization layer 503 of



[ 45] Figure 6B shows an enbodi ment of a schematic diagramof an integrated
system 650 that allows m ninmal exposure of substrate surface to oxygen at
critical steps after barrier and copper surface preparation. In addition,
since it is an integrated system the substrate is transferred from one
process station i mediately to the nexk3 process station, which limts the
duration that clean copper surface is exposed to | ow | evel s of oxygen. The
i nt egr atksnisylsgreting Ongdexiie comgobund sr depssited udrs thaatier( Hyet Bughln lwae
entire process sequence of flow 600 of Figure . 46 he, Lnt eqr at ed
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is operated under | ab anbi ent. I\/bd%I GGg I nt rfacgs Lth su?stra#lﬁ | oader s
(or subsggeddeyer §84 idapesijeds sPPEHEHY Iﬂgaxeﬁ O3 1515kepesiteg F5HOVRIR FI8HE 2t egr at ed

systemor to return the substrate to one of the cassettes 661. &7] As
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brought .to the integrated system 650.t0 osi t..barrier | are
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the contandithedenasitionproaessissy wet Proesss e Aseeptiondl dern wemel allerthe drsoson 683
is inte ratqﬁﬂ 61 cl igni n(%drmdul e (not shown) to clean the substrate 655
after tREPAIREY MEYEFNS% % n | ayer deposition. In another enbodiment,

substrat e 655 undergoes an optional sybstrate ¢l eaninhg.step.607, as 0
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escribed in step 608 o ow 600. In one enbodi nent, .t pper see ayer

deposi t ilayerican berdeppsited byyanRCE REeETSS| é’ggen}ﬁ%]é(sg% t%‘%_ ‘&ﬁ‘é%ﬁr@%@s&@c@l}per

plating lg)%? cglf e ﬁ%o%{t&? wel%guﬁkgs&;r&%sg ﬁ?gﬁ%ﬁﬁ@ leldRbBlcb Y steRP ok bnBRAall O
conft or cop ayer, as

deposi t I Seed escribed 1n step 608 of Figure

6A. As d@ppérseat] babeitR a differesiapesiistiyon of the gap fill copper |ayer at step
609 of Figure 6A can be deposited in the sane el ectrol ess plating reactor

681 wi t a4 T f £h&he CRAHLRLS Yepddited With DRRMAI Soppesde@acttep 608 kind thick &u
Before the substrate | eaves the integrated system 650, the substrate can
opt i onaltuk fitider gjthes am ekeuirélasseorcdleciro-plgting proeess, at wlep99c the nekbpigcesStaPues
fromthe previous copper plating process. The substrate cl eani ng process
can be brush clean process, whose reactor 663 can be integrated with the
| ab- anbi ent transfer nodul e 660.
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[ 50] The wet processing systens described in Figure 6B, which are coupled
to the controll ed-anbient transfer nodule 680, all need to neet the

requi renent of dry-in/dry-out to allow systemintegration. In addition, the
systens are filled with one or nore inert gases to ensure mninal exposure
of the substrate to oxygen. [51] The 1|5Tocess fl ow 600 described in Figure
6A and system 650 described in Figure 6B can be used to deposit barrier

| ayer aetl doppesptionnl cuistrattacieminmnetept touclean @sy residedl osomtdnminfity Uras the- 1D.
For dual damascene structures, step 601 in flow 600 is replaced by cleaning
top surPEYUselegielsss qobal-allgnfenesitonshown as surface 122a of Figure 1A 16
[52] While this invention has been described in terns of several

embodi nf4l s, FigurewB Ishoyes ap pmbedinteatiof hsghematie diagranm pean integrated gysteny 86

di ngt di ificati d_st udyi ¢ i ] i
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true spiransfersgfreneme pofcesshuationigrmediatelyite theheexg pedcass stattoanwhick liamity the

Steps dg nat Lnply any partioular order iof, 190SE 34 en “BhERResfiRh bitkdhY

st at ed

650 can be used to process substrate(s) through the entire process sequence of flow 600 of

Figure 6A.

[46] The integrated system 650 has 3 substrate transfer modules 660, 670, and 680.
Transfer modules 660, 670 and 680 are equipped with robots to move substrate 655 from one
process area to another process area. The process area could be a substrate cassette, a
reactor, or a loadlock. Substrate transfer module 660 is operated under lab ambient. Module
660 interfaces with substrate loaders (or substrate cassettes) 661 to bring the substrate 655

into the integrated system or to return the substrate to one of the cassettes 661.

[47] As described above in process flow 600 of Figure 6A, the substrate 655 is brought to
the integrated system 650 to deposit barrier layer, to prepare barrier surface for copper layer
deposition. As described in step 601 of process flow 600, top contact surface 125a of
contacts 125 is etched to remove native metal oxide. Once the metal oxide is removed, the
exposed tungsten surface 125a of Figure 2A needs to be protected from exposufe to oxygen.
If the removal process is an Ar sputtering process, the Ar sputtering reactor 671 is coupled to
the vacuum transfer module 670. If a wet chemical etching process is selected, the reactor
should be coupled to the controlled-ambient transfer module 680, not the lab-ambient
transfer module 660, to limit the exposure of the clean tungsten surface to oxygen. For a wet
process to be integrated in a system with controlled processing and transporting environment,
the reactor needs to be integrated with a rinse/dryer to enable dry-in/dry-out process
capability. In addition, the system needs to be filled with inert gas to ensure minimal

exposure of the substrate to oxygen.

[48] Afterwards, the substrate is deposited with the barrier layer. The barrier layer 130 of
Figure 2B can be deposited by a PVD or an ALD process. In one embodiment, the barrier
layer 130 is deposited by an ALD process, which is a dry process and is operated at less than



1. A nethod of preparing a substrate surface of a substrate to deposit a
functionalization |ayer over a netallic barrier layer of a copper

i nterconnect to assist deposition of a copper layer in the copper

i nterconnect in an integrated systemin order to inprove el ectrom grat
performance of the copper i nt er connectl? conpri si ng: depositing th
nmetal lic bather layer to |ine the copper interconnect structure in the
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electrically connected to the cqopper jntercannect;

e nethod.of c

1, furt ﬁ@sf@qulg ORe: In one embodiment, chamber 683 is 1ntegrated a cE]eamng module (not

shown) to clean the substrate 655 after the functionalization layer deposition. In another
embodiment, substrate 655 undergoes an optional substrate cleaning step 607, as described in
process flow 600. The substrate cleaning process can be a brush clean process, whose
reactor 685 can be integrated with the controlled-ambient transfer module 680. After the
substrate surface cleaning, substrate 655 is ready for copper seed layer deposition, as
described in step 608 of flow 600. In one embodiment, the copper seed layer deposition is
performed by an electroless process. The electroless copper plating can be performed in an
electroless copper plating reactor 681 to deposit a conformal copper seed layer, as described
in step 608 of Figure 6A. As described above, the deposition of the gap fill copper layer at
step 609 of Figure 6A can be deposited in the same electroless plating reactor 681 with

different chemistry, or in a separate ECP reactor 681°.

[49] Before the substrate leaves the integrated system 650, the substrate can optionally
undergoes a surface cleaning process, which can clean residues from the previous copper
plating process. The substrate cleaning process can be brush clean process, whose reactor

663 can be integrated with the lab-ambient transfer module 660.

[50] The wet processing systems described in Figure 6B, which are coupled to the
controlled-ambient transfer module 680, all need to meet the requirement of dry-in/dry-out to
allow system integration. In addition, the systems are filled with one or more inert gases to

ensure minimal exposure of the substrate to oxygen.

[51] The process flow 600 described in Figure 6A and system 650 described in Figure 68
can be used to deposit barrier layer and copper for dual damascene structures, as shown in
Figures 1A-1D. For dual damascene structures, step 601 in flow 600 is replaced by cleaning
top surface of metal line, which is shown as surface 122a of Figure 1A.
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reducing a surface of the netallic bather layer to nake the surface of the
nmetallic barrier layer netal-rich in the integrated system before
depositing the functionalization layer. 4. The nmethod of claim1, wherein
the material of the netallic bather layer is selected fromthe group
consisting of tantalumnitride (TaN), %ant al um (Ta), Ruthenium (Ru),
titanium (Ti), tungsten (W, zirconium (Zr), hafnium (HO nolybdenum (M),
ni obi umg2)b) Whikenthél inNertidn, hastebe dcsoribedRir) teamd of lsevemallamb{o@iments,nit wall bgbr i d
conbi nation of these matierals. . 18 5. The nethod of glaim 1, wherein the
mat er i aPPR&@dted hak Hose (skiladoia the, gt wieny Pa%?émgcg‘ﬁpi’lieg ng SE%H&%?B@QP%@“& oup
wth at S, 0 enth; o, Wale] f ) oy wth
t he net g%“ﬁgéhbg%icgél%g@e{r}ﬁgn%ggﬁ%t a@? ug n%%iitnﬁ’e agg{rzrp %x :ﬂﬁghﬁkg%%})s %ggm ng
a bond ipiikalep pkéreof. 6 ThdbforayEit o thtedded| thatmhé, predest éiventidre irmbures eldi sughgr oup
is selected fromthe group consisting. of decagﬁt hi ol , oct adecangt hi ol ,

t et r aphaligmiensppddiians, BerEREFH{AMS.And papivalentszas Jadh piin fhe saresputtand seansofi um
(1) tri,s( ri IR bi i gl ' [ :

pri medi bRl F%"r“upd i e %‘E%%% heg‘%ng‘ﬁgets ,%fﬁql Ftueh% ,‘182%3 q@‘h’?( oy, ieglar, oxder of

di sul fi ggeraforfRnkePeqbichphyited fn tethaxysi | ane, y-met hacryl oxypr opyl
triethoxysil ane, perfluoroctanoxyl prophy-di nethyl silane,

al kyltrichlorosil ane, oxtadecyl sil oxane, octanol, 22-mercapto-1 -docosanoic
aci d, al kanephosphoni c aci ds, octadecanoic acid, diam nododecane,

n- phenyl pyrrole, and 2,5- dithienylpyrrol triad. 7. The method of claim 3,
wherein reducing the surface of the netallic barrier layer is perfornmed by
usi ng a hydrogen-containing plasma. 8. The nmethod of claim1, wherein the
copper interconnect include a nmetal |line over a via and the underlying

i nterconnect include a netal |ine.



9. The nethod of claim1, wherein the copper interconnect include a netal
line and the underlying interconnect include a contact. 10. The nethod of
claim 2, wherein cleaning the exposed surface of the surface netal oxide is
acconpl i shed by using one of an Ar sputfering process or a plasma process
using a fluorine-containing gas. 11. The nethod of claim10, wherein the
fluorine-containing gas is NF3, CF4, or a conbination of both. 19 12. The
met hod of claim1, wherein depositing the netallic barrier layer further
conprising: depositing a first metallic barrier layer; and depositing a
second netallic barrier |ayer.

CLAIMS

1. A method of preparing a substrate surface of a substrate to deposit a functionalization
layer over a metallic barrier layer of a copper interconnect to assist deposition of a copper
Jayer in the copper interconnect in an integrated system in order to improve electromigration
performance of the copper interconnect, comprising:

depositing the metallic barrier layer to line the copper interconnect structure in the
integrated system, wherein after depositing the metallic barrier layer, the substrate is
transferred and processed in controlled environment to prevent the formation of metallic
barrier oxide;

depositing the functionalization layer over the metallic layer in the integrated system;
and

depositing the copper layer in the copper interconnect structure in the integrated

system after the funcationalization layer is deposited over the metallic barrier layer.

2. The method of claim 1, further comprising:

cleaning an exposed surface of a underlying metal to the copper interconnect to
remove a surface metal oxide of the exposed surface of the underlying metal in the integrated
system before depositing the metallic barrier layer, wherein the underlying metal is part of an

underlying interconnect electrically connected to the copper interconnect;

3. The method of claim 1, further comprising:
reducing a surface of the metallic barrier layer to make the surface of the metallic

barrier layer metal-rich in the integrated system before depositing the functionalization layer.

4. The method of claim 1, wherein the material of the metallic barrier layer is selected
from the group consisting of tantalum nitride (TaN), tantalum (Ta), Ruthenium (Ru),
titanium (Ti), tungsten (W), zirconium (Zr), hafnium (Hf), molybdenum (Mo), niobium (Nb),
vanadium (V), ruthenium (Ru) and chromium (Cr), and a hybrid combination of these

matierals.



13. The method of claim 12, wherein the first netallic barrier layer is
deposited by an atom c | ayer deposition (ALD) process and the second
nmetallic barrier layer is deposited by a physical vapor deposition (PVD)
process. 14. The nethod of claim12, erein the first netallic barrier

| ayer is deposited by an ALD process the second netallic barrier |ayer
I s deposited by an ALD process. 15. The nethod of claim1l, further

conpri si ng: cl eaning a surface of the functionalization layer in the

i ntegrated s or.e, depos he C net hod of
a1 Suher A TBHRGLOf ARG Lk hein eopRRRG B o5, by ﬁl%cuagﬁi bl
el ect rol:@lﬁﬁn&rs%cﬁ&ﬁplexﬁé SRS Wit Bloﬁa&ft\ﬁ 8ihd®) bne 6@ FitHe th@

copper layer is depositéd by an el ectrochem cal plating (ECP process 18.
The met fothing achamidnwith Mmemlhc bhwier dgyse rand sapether epd ad dbe chmplexing group
functiorIJaI Il.zat on Iaﬁer and deposits directly on the netallic barrier

| ayer. OfBUNEG ??’ﬂ?;@ BT system for processing a substrate in controlled
envi ronnment to enabl e deposition of a functionalization | ayer over a
nmetallic barrier |ayer of a copper interconnect to inprove electrom gration
per f or mance Ghe tehethabph elaim i, evlwoeingbe complepirigsgnogp is selected from the group

consisting of decanethiol, octadecanethiol, tetraphenylporphines, diphenyl disulfide, aromatic

thioacetate, ruthenium (II) tris(2, 2, prime-biphyridine) thiol, thiophenol, 4, 4 prime-
dithiodipyridine, naphthalene disulfide, and bis(2-anthraquinyl) disulfide, 3-mercaptoprophyl
trimethoxysilane, y-methacryloxypropyl triethoxysilane, perfluoroctanoxylprophy-dimethyl
silane, alkyltrichlorosilane, oxtadecylsiloxane, octanol, 22-mercapto-1-docosanoic acid,
alkancphosphonic acids, octadecanoic acid, diaminododecane, n-phenylpyrrole, and 2,5-

dithienylpyrrol triad.

7. The method of claim 3, wherein reducing the surface of the metallic barrier layer is

performed by using a hydrogen-containing plasma.

8. The method of claim 1, wherein the copper interconnect include a metal line over a

via and the underlying interconnect include a metal line.

0. The method of claim 1, wherein the copper interconnect include a metal line and the

underlying interconnect include a contact.

10.  The method of claim 2, wherein cleaning the exposed surface of the surface metal
oxide is accomplished by using one of an Ar sputtering process or a plasma process using a

fluorine-containing gas.

11. The method of claim 10, wherein the fluorine-containing gas is NF;, CF4, or a

combination of both.



a | ab-anbi ent transfer chanber capable of transferring the substrate froma
substrate cassette coupled to the |ab-ambient transfer chanber into the

i ntegrated system a vacuumtransfer chanber operated under vacuum at a
pressure less than 1 Ton; 20 a vacuum process nodul e for depositing
the metallic bather layer, wherein t hd%acuum process nodul e for depositing
the netallic bather layer is coupled to the vacuumtransfer chanber, and is
oper at et2.und®he iaethudh aft chipr és sthreecih edepositing the Tmgtallic barrger layer further
control |l ed-anbient transfer chanmber filled with an inert gas selected from
a gr oupcYPPiHBEt gases; and a deposition process nodul e used to

deposit the B%%Lﬁg%g’aﬁfsm&aﬁﬁ Haty& a0 e surface of the netallic bather
e

| ayer, wherein position process nodul e used to deposit the
functional i zatpasitingaysecordmetlijelbadidrdayene control | ed-anbi ent transfer
chanmber. 20. The integrated systemof claim19, further conprising:

13.  The method of claim 12, wherein the first metallic barrier layer is deposited by an
atomic layer deposition {ALD) process and the second metallic barrier layer is deposited by a

physical vapor deposition (PVD) process.

14.  The method of claim 12, wherein the first metallic barrier layer is deposited by an

ALD process and the second metallic barrier layer is deposited by an ALD process.

15.  The method of claim 1, further comprising:
cleaning a surface of the functionalization layer in the integrated system before

depositing the copper layer.

16.  The method of clam 1, wherein selectively the thin copper seed layer is deposited by

an electroless process.

17. The method of claim 1, wherein the gap-fill copper layer is deposited by an
electrochemical plating (ECP) process.

18.  The method of claim 1, wherein the copper layer replaces the functionalization layer

and deposits directly on the metallic barrier layer.

19.  An integrated system for processing a substrate in controlled environment to enable
deposition of a functionalization layer over a metallic barrier layer of a copper interconnect
to improve electromigration performance of the copper interconnect, comprising:

a lab-ambient transfer chamber capable of transferring the substrate from a substrate
cassette coupled to the lab-ambient transfer chamber into the integrated system,;

a vacuum transfer chamber operated under vacuum at a pressure less than 1 Torr;



an el ectrol ess copper deposition process nodule used to deposit a thin

| ayer of copper seed |ayer in the copper interconnect after the
functionalization |layer is deposited on the surface of the netallic barrier
| ayer, wherein the el ectrol ess copper deposition process nodule is coupled
to the control | ed-anbient transfer chadfer. 21. The I nt egrated system of
claim19, further conprising: a vacuum process nodul e for cleaning an
exposed sur f acecodm aproedsal modild fonfdepositinge they inmetpllie thatrjerwiagere iwherdie the
underlying nmetal is rt .of ~a under]ying._interconnect, the copper
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the vacym-araeass: FRik ?,efagd 1dBAMCEm! o a pPABAR Jess ManheTYRCUUM t T anst er
chanber, and 1's opérateg under vacuum at a“pressure less than 1 Tort. 22.
The i nt egr at 8 dostysitedrandficitt] tednsfet @harfibert filbxd withnen iisdrngas selectedafrom a group
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20.  The integrated system of claim 19, further comprising:

an electroless copper deposition process module used to deposit a thin layer of copper
seed layer in the copper interconnect after the functionalization layer is deposited on the
surface of the metallic barrier layer, wherein the electroless copper deposition process

module is coupled to the controlled-ambient transfer chamber.

21.  The integrated system of claim 19, further comprising:

a vacuum process module for cleaning an exposed surface of a metal oxide of a
underlying metal, wherein the underlying metal is part of a underlying interconnect, the
copper interconnect is electrically connected to the underlying interconnect, and the vacuum
process module for cleaning is coupled to the vacuum transfer chamber, and is operated

under vacuum at a pressure less than 1 Torr.

22.  The integrated system of claim 19, further comprising:

a hydrogen-containing reduction process module used to reduce metal oxide or metal
nitride on a surface of the metallic barrier to make the surface metal-rich before the
functionalization layer is deposited on the surface of the metallic barrier layer, wherein the
hydrogen-containing reduction process module is coupled to the vacuum transfer chamber,
the hydrogen-containing reduction process module is operated under vacuum at a pressure

less than 1 Torr.

23.  The integrated system of claim 20, wherein the electroless copper deposition process

module is also used to deposit a gap-fill copper layer over the thin copper seed layer.



24. The integrated systemof claim 20, further conprising: an

el ectrol ess copper deposition process nodule to deposit a gap-fill copper
| ayer over the thin copper seed layer. 25. The integrated systemof claim
19, further conprising: a substrgée cl eani ng process nodul e used to
cl ean the substrate surface after depogsiting the functionalization |ayer
over the netallic barrier |ayer, wherein the substrate cleaning process
nodul e is coupled to the controll ed-anbient transfer nodule. 26. The
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a first loadlock coupled to the vacuum transfer chamber and the controlled-ambient
transfer chamber, wherein the first loadlock assists the substrate to be transferred between the
vacuum transfer chamber and the controlled-ambient transfer chamber, the first loadlock
being configured to be operated under vacuum at pressure less than 1 Torr or to be filled with
an inert gas selected from a group of inert gases; and

a second loadlock coupled to the vacuum transfer chamber and the lab-ambient
transfer chamber, wherein the second loadlock assists the substrate to be transferred between
the vacuum transfer chamber and the lab-ambient transfer chamber, the second loadlock
being configured to be operated under vacuum at pressure less than 1 Torr or at lab ambient

or to be filled with an inert gas selected from a group of inert gases.

27.  The integrated system of claim 19, wherein the vacuum transfer chamber and the at
least one vacuum process module coupled to the vacuum transfer chamber are operated at a

pressure less than I Torr to control the exposure of the substrate to oxygen.

28.  The integrated system of claim 19, wherein the controlled-ambient transfer chamber
and each one the at least one process module coupled to the controlled-ambient transfer
chamber are filled with one or more inert gases selected from the group of inert gases to

control the exposure of the substrate to oxygen.



28. The integrated systemof claim 19, wherein the controll ed-anbient
transfer chanber and each one the at | east one process nodul e coupled to
the controll ed-ambi ent transfer chanber are filled with one or nore inert
gases selected fromthe group of inert,gases to control the exposure of the
substrate to oxygen. 22 29. The int ated system of claim 19, wherein
substrate is transferred and processed in the integrated systemto limt a
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barrier layer.

31.  The integrated system of claim 19, wherein the at least one process module coupled
to the controlled-ambient transfer module enables a dry-in/dry-out processing of the
substrate, wherein the substrate goes in and comes out the at least one process module in a

dry state.



