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15  Dbarrier layer may be deposited on the dielectric layer before depositing copper to

separate the copper from the dielectric layer.
SUMMARY

Methods, apparatus, and systems for forming a barrier layer are provided.
According to various implementations, the methods involve first depositing a
20  protective layer over a surface of a wafer substrate. Then, a barrier layer may be

deposited over the protective layer using a plasma-assisted deposition process.

According to one implementation, a method includes depositing a protective
layer over a surface of a wafer substrate using a process configured to produce
substantially less damage in the wafer substrate than a first plasma-assisted deposition

25  process. The protective layer is less than about 100 Angstroms thick. A barrier layer
is deposited over the protective layer using the first plasma-assisted deposition

Proccess.

According to another implementation, an apparatus includes a process
chamber and a controller. The controller includes program instructions for
30  conducting a process including the operations of (1) depositing a protective layer over

a surface of a wafer substrate using a process configured to produce substantially less
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“substrate,” "wafer substrate,” and "partially fabricated integrated
circuitssare usedFigure 1 shows an example of a flow diagram of a method of depositing a

barrier layer.

Figure 2 shows an example of a flow diagram of a method of depositing a

barrier layer.

Figure 3 shows an example of a schematic diagram of a system suitable for
20  atomic layer deposition (ALD) and ion-induced atomic layer deposition (1IALD)

processes.
DETAILED DESCRIPTION

In the following detailed description, numerous specific implementations are
set forth in order to provide a thorough understanding of the disclosed
25  implementations. However, as will be apparent to those of ordinary skill in the art,
the disclosed implementations may be practiced without these specific details or by
using alternate elements or processes. In other instances well-known processes,
procedures, and components have not been described in detail so as not to

unnecessarily obscure aspects of the disclosed implementations.
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30 In this application, the terms “semiconductor wafer,” “wafer,” “substrate,”

“wafer substrate,” and “partially fabricated integrated circuit” are used
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density and lower resistivity compared to other deposition methods; a higher density
20  of a TaN layer also may give the layer improved properties as a barrier layer. Further,
with an 1ALD process, the properties of the surface of the TaN layer can be
engineered, for example, to optimize the adhesion of subsequent layers deposited on

the TaN layer.

INTRODUCTION

25 A commonly used metal barrier layer is tantalum nitride (TaN). Ion-induced
atomic layer deposition (1ALD) is one process for depositing TaN. iALD is an
example of a plasma-assisted deposition process. Another plasma-assisted deposition
process is plasma-enhanced chemical vapor deposition (PECVD ). iALD processes
are described in U.S. Patent Nos. 6,428,859, 6,416,822, and 7,871,678, all of which

30  are herein incorporated by reference. 1ALD processes are also described in U.S.

Patent Application No. 11/520,497, titled “METHOD OF REDUCING PLASMA
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20  damage to a diclectric may degrade its electrical properties. In the case of back-end

metallization, damage to the low-k dielectric may cause the dielectric constant to

increase in capacitance, which may result in an increased resistive-capacitive (RC)

delay. In the case of front-end metallization, damage to the high-k dielectric at a

metal/dielectric interface may cause the metal work function to shift which may result

25  in degraded transistor performance.
METHOD

In the disclosed implementations, a protective layer is deposited on a wafer
substrate prior to depositing a barrier layer on the wafer substrate using a first plasma-
assisted deposition process. In some implementations, a protective layer is deposited

30  ona dielectric on a wafer substrate prior to depositing a TaN layer using an iALD
process. The dielectric may be a high-k or a low-k diclectric. High-k dielectrics

include zirconium oxide, hafnium oxide, zirconium silicate, and hafnium silicate, for



5from damage during the first plasnma-assisted deposition process.
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sequential pulses of the precursors, a thin film of the protective material is deposited.

25  Thermal ALD processes also include processes in which a surface is exposed to
sequential pulses of a single precursor, which also may deposit a thin film of the
protective material on the surface. Thermal ALD generally forms a conformal layer,
1.e., a layer that faithfully follows the contours of the underlying surface. By exposing
the precursors to a surface repeatedly, a thin protective layer may be deposited. The

30  final thickness of the protective layer depends on the thickness of the precursor
absorption layer as well as the number of precursor exposure cycles. A general
description of thermal ALD processes and apparatus is given in U.S. Patent No.

6,878,402, which is herein incorporated by reference.
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available thermal ALD process conditions. The precursor may be a gas at room

temperature, or may be a liquid or solid heated to a temperature high enough to

provide sufficient vapor pressure for delivery to the substrate with an inert carrier gas.

In some implementations the tantalum precursor is a tantalum halide such as TaFs,

20  TaCls, TaBrs, or Tals. Tantalum halides can be used to generate TaN or metallic Ta.

However, halides should be used with caution as the halogen generated during the

deposition process can react with the underlying layer, which is not

desirable. Examples of a thermal ALD process for the deposition of tantalum nitride

using a tantalum halide precursor are given in U.S. Patent No. 7,144,806, which is

25  herein incorporated by reference.

In other implementations the tantalum precursor is terbutylimido-
tris(diethylamino) tantalum (TBTDET). Further implementations use other tantalum-
amine complexes for a tantalum precursor, including pentakis(dimethylamino)
tantalum (PDMAT), t-butylamino-tris(diethylamino) tantalum (TDBDET),

30  pentakis(diethylamido) tantalum (PDEAT), pentakis(ethylmethylamido) tantalum
(PEMAT), and imidotris(dimethylamido) tantalum (TAIMATA). These tantalum
precursors all contain nitrogen. When using one of these precursors, Ta(C)(N) layers

can be formed if a reducing agent such hydrogen is used. The use of a nitrogen-



(sccm Tinme (s) Pressure (Ton) Precursor dose 300 1000 0.5to 1 2to 5
Precursor Purge 2000 1 to 2 2 to 5 NH3 dose
WO 2012/050770 PCT/US2011/052516

containing reducing agent may generate a nitrogen-rich TaN layer. Nitrogen-
containing reducing reagents include ammonia, mixtures of hydrogen and ammonia,
and amines (e.g, tricthyl amine, trimethyl amine), for example. Other tantalum-

containing precursors also may be used to deposit a TaN protective layer.

5
Precursor Ar NH; Time Pressure
(scem) (sccm) (sccm) (s) (Torr)
Precursor 300 1000 0.5to1 2t05
dose
Precursor 2000 Ito2 2t05
Purge
NH3; dose 150 500 0.5to01 2to5
NH; purge 2000 Ito2 2t05

Table I. Process conditions for an implementation of a thermal ALD process for

depositing a TaN protective layer.

In some other implementations, the protective layer may be deposited using a
10 low-power PECVD process. In low-power PECVD processes, a radio frequency (RF)
power is applied to sustain a plasma discharge when depositing a protective layer, in
some implementations. A dual frequency PECVD system with both high and low
frequency radio power supplies can also be used. Low-power PECVD processes
utilize a plasma to enhance chemical reaction rates of the precursors. Some low-
15 power PECVD processes allow for the deposition of a material using a low-power RF
power, which may result in little of no damage to an exposed diclectric layer on a

wafer substrate surface.

In some implementations in which the protective layer is deposited using a
low-power PECVD process, the plasma is a low-power plasma. The RF power used
20  to generate the plasma may be applied at a power of less than about 100 Watts (W)
for a 300 millimeter wafer substrate, in some implementations. In some

implementations, the RF power used to generate the plasma may be about 25 W to
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processes, radi freque C RF) p s ap ed to su n ma
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supplies can al so be used. Low power PECVD processes utilize a plasma to

enhance chenbwaiowoeabsinemaydicascdfs gine lprIéSuP@cirtsAp@@mDﬂ Nw121(!70pﬁi\ﬁer PECVD

povor . whi cif g r e FRRRIG LB R TRICH AR 2 LA B

| ayer onsa Wabe!whidh$d Kcéif iSddipcr6t8d by referentd) BQGBRICIiARl SR BhE, NS | N Wh' ch
the protective Iayer I s deposited using a | ow power PECVD process, the

plasma is a pr@t\@ptpmb@yermnaafsbﬁedepw@dmﬂtfp@)mp@\g@rcP%VD@rg@ﬁ%ataaﬂoéu&hSéJ Bl asma
may be applig Ser S ﬁ’%’c’s esQEedH%éc% &W&cﬁlta%eté}%?ag\ﬁg% Bfnﬁé%lﬁxfg&r de 300

mllinmter wa
i mpl ement at |Iﬁmusotrlperg8l:a plaveas cxissdre ﬁl(gﬁp@s‘t@ilﬁniahﬁrgﬂ aE0h opayitibemaboyt 25 W
to 150 W In sone inplenentations, the power. used to generate the

pl asma may Berigpsed 0wy awn%pf‘g&#é}f&%ﬁé)sk?qcaws(iﬁ 39pcemdy/ps mf:%@é SEabad

appar at yg | i ower plasma nmay be used is given in U S. Patent
Appl i cat l%onrbN(\g)\?{f1 %}07%@2§]2 entitled "PLASVMA PARTI CLE EXTRACTOR FOR PECVD, "

and filed Febr Uargor %}%arnple, a protective layer of TaN may be deposited with a low-power

PECVD process. A precursor dose is first admitted to the process chamber. During
the precursor dose, the precursor is dissociated with a low-power plasma. In some
implementations, the plasma is generated with about 50 W of RF power. The

15  precursor adsorbs to the wafer substrate surface. The excess precursor (i.c., the
precursor that is not adsorbed onto the wafer substrate surface) may then be purged
from the process chamber. In some implementations, a mixture of argon and
hydrogen gasses may be used to purge the excess precursor from the process chamber.
A plasma generated with the argon and hydrogen forms argon ions and hydrogen

20  radicals. The argon ions provide energy to induce a chemical reaction between the
adsorbed tantalum precursor and the hydrogen precursor, forming a monolayer of
TaN. Finally, the chamber may be purged to any remove chemical byproducts. This
process may be repeated until the desired thickness of the protective layer of TaN is
formed. Table II lists process conditions (i.c., time for each step in the process and

25  the associated RF power) for an implementation of a low-power PECVD process for
depositing a TaN protective layer. In some implementations, the low-power PECVD
process is performed with increased precursor dose times and increased plasma
treatment times. The same tantalum precursors used in thermal ALD processes, listed
above, also may be used in low-power PECVD processes. An inert carrier gas, such

30  as argon (Ar), helium (He), or nitrogen (N»), may be used to aid in transport of the

precursor to the reaction chamber.
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2012/ 050770 %ﬁqub%gébl}ﬁor Bll:errﬂ%’@l’asﬁlWALﬁ Hﬁ)cés%) the plasma may be

generated with a remote plasma source. The use of a plasma generated with a remote-

10

15

20

plasma source may minimize or substantially eliminate damage to the wafer substrate

that may be caused by a plasma. Remote-plasma PECVD processes and remote-

plasma ALD processes are similar to direct PECVD processes except that the work

piece (e.g., the wafer substrate) is not directly in the plasma source region. The

plasma source is upstream from the wafer substrate, and activates and/or disassociates

precursor species to form reactive ions and radicals. Reducing gasses, including

ammonia and hydrogen, are also dissociated into reactive ions and radicals within the

remote plasma source in some implementations. In some implementations a

showerhead and a faceplate can be used to filter out ions such that only radicals reach

the wafer substrate surface. Radicals may cause little damage to an ultra-low-k

dielectric. Further, removing the wafer substrate from the area of the plasma source

may allow for processing temperatures down to about room temperature. A general

description of remote-plasma PECVD processes and apparatus is given in U.S. Patent

No. 6,616,985 and U.S. Patent No. 6,553,933, both of which are herein incorporated

by reference. As noted above, a remote-plasma source also may be used in ALD-type

processes for the deposition of a protective layer in some implementations.

| i sted above,
such
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10 the protective layer may be about 3 to 30 Angstroms thick or about 5 Angstroms

thick. In some implementations the protective layer may be about 40, 50, or even 100

Angstroms thick. It is believed that one monolayer of the protective layer may be

sufficient to prevent damage to an underlying dielectric during subsequent iALD

processes. If the protective layer is too thick, there may not be room in the feature

15  into which iALD TaN and Cu, for example, may be deposited.

Returning to the method 200 shown in Figure 1, at block 204, a barrier layer is
deposited over the protective layer using a first plasma-assisted process. Plasma-
assisted processes include iALD and PECVD processes. 1ALD and PECVD
processes may use plasmas generated with greater than about 300 W RF power or

20  about 350 to 450 W of RF power. In some implementations, the barrier layer may be
TaN, tantalum (Ta), tungsten (W), titanium (T1), titanium nitride (TiN), titanium
nitride silicon (TiNSi), or the like. In some implementations, the combined thickness

of the protective layer and the barrier layer may be about 5 to 50 Angstroms thick.

For example, in some implementations, an iALD process may be used to
25  deposit a TaN barrier layer. For an iALD TaN layer deposited on a thermal ALD
TaN protective layer, for example, a pre-cracking process (described above) is not

required, removing this source of possible damage to the wafer substrate.

To deposit a TaN barrier layer, a precursor dose is first admitted to the process
chamber. The precursor may chemically adsorb onto the wafer substrate surface. In
30  some implementations, the precursor may form about a monolayer of coverage on the
wafer substrate surface. The precursors used in the thermal ALD process for TaN

deposition, described above, may be used in the iALD processes. Excess precursor

10
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oner gy to 1 MEIGUC SoHRs G SSRGS eH s T PO e Tt A eSS
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process may #d thebrreddyamsing thhsaneeprioeesding iva krpysscrgdsctthethroughput for

20  the processing tool and decrease cost, in some implementations. In various

-
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implementations, the protective layer and the barrier layer may have the same, or
nearly the same, composition, with the protective layer being deposited by a one

process and the barrier layer being deposited by iALD or PECVD.
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| ALD TaN barrier layer is fornmed. Table IIl lists process conditions (i.e.,
time for 10 each step in the process and the associated RF power) for a
speci fi c wopbexmsat7at i on of an i ALD process for depositi mgTaIST@NoObZE16 i er

| ayer. RF power (W Tinme (s) Precursor dose 0 0.5 Purge 0 0.5 Pl asnma on

450 2 Post plas maAsp Illjortg(‘ia ab%vg,' i}\LD TaN layers generally have a higher density and a
higher conductivity than thermal ALD TaN layers. Further, iALD processes may
allow for the formation of layers with composition modulations; these composition
modulations may be generated by the plasma species in the iALD process in some

5 implementations. With the ability to control the composition of a TaN layer deposited
with an 1ALD process, the composition of the surface of the TaN layer may be
tailored to improve the adhesion of subsequent materials deposited on the TaN layer.
For example, when copper is subsequently deposited on the TaN layer, the surface of
the TaN layer may be Ta rich, which would improve the copper adhesion. This may

10  obviate the need to deposit a metallic Ta layer on the TaN barrier layer, which is

sometimes included to improve the adhesion of copper.

Figure 2 shows an example of a flow diagram of a method of depositing a
barrier layer. Implementations of the method 250 shown in Figure 2 may be similar
to the method 200 shown in Figure 1, with the addition of block 252. At block 252,
15  after the operation of depositing a protective layer over a surface of a wafer substrate
at block 202, the protective layer is treated. The protective layer treatment may
increase the density the protective layer or adhesion of the barrier layer to the
protective layer, for example. Examples of protective layer treatments include
exposing the protective layer to elevated temperatures (i.c., a thermal anneal), to a
20  plasma or species from a remote plasma (e.g., to increase the density of the protective
layer), to a reducing atmosphere (e.g., an atmosphere of argon and ammonia or an
atmosphere of hydrogen and ammonia), or to the vacuum of the process chamber in

which the protective layer was deposited.

In one experiment, a protective layer combined with an iALD deposited

25  Dbarrier layer was used in one semiconductor device fabrication process (process 1)
and a PVD deposited barrier layer was used in another semiconductor device
fabrication process (process 2). In process 1, a 5 Angstrom thick protective layer of
TaN was deposited on a semiconductor dual damascene structure using a thermal
ALD process, and then a 5 Angstrom thick layer of TaN was deposited on the

30  protective layer using an iALD process. A Ta flash layer was deposited using a
physical vapor deposition (PVD) process. In process 2, a TaN layer was deposited
using a PVD process. After depositing the TaN layer, a Ta flash layer was deposited

using a PVD process. For the structures formed by process 1 and process 2, a Cu

12



Table 111. Process conditions for one inplenentation of an i ALD process for

15depositing a TaN barrier |ayer. In sone inplenentations, the
pr ot ect i weol2aypensomnd t he barrier |ayer are deposited onPChaSemfies2ssabst rat e
using the same processing tool; i.e., the sane process chanber is used for

bot h deposition processes. .Depqsjting both e protectiv r and the
barrier |aydfY% aﬁgieP‘??éteiaﬁBgEJ?’S)&%E@%FF@G%G%S %@aﬁt @rz&_ats@ %rﬁé%Pr?rVSHthut
for 20 the nipe&SsidiImboq] udibcAGEAIRENGASAL plddAriSAIB (CNPPLTRMeA] | ONS. 1N
various inplenentations, the protective |layer and the barrier |ayer may

have the sarmemiegmdndgarprpceshes wanwscditorgpowiat¢ the, falwicahon hethgdotletmagecntayer
bei ng deposited by a one process and the barrier |ayer being deposited by
i ALD or PECVSY'“°As noted above, i ALD TaN | ayers generally have a higher

density and a higher conductivity than therpal ALD TaN | ayers, Fuyrt.her,
i ALD processes ngﬁ}'eaﬁfﬁ&w%lfew%% tﬁﬁ_@?\sﬁe Brmedysne PiRceR LBKHoSHEYieh
modul at | ons:fkhGRSidh AIRESI 1 h O HBALALIRNSYHRY S SERB(AL AL D% g Pl asma

species in the 1 ALD process in some 5inplenentations. Wth the ability to
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conposition of the surface of the TaN |ayer e ilgred to. .inprove the
chbston of ‘StsBiaE: Hsruibs A8 e Bher Rt GBSy B Lot By o

when copper gs sugse&uently deposited on the TaN | ayer, the surface of the
TaN | ayer ch, which would inprove the copper adhesion. This may

10obviate the need to deposit a netallic Ta |ayer on the TaN barrier |ayer,
whi ch i d0sonet i menathry|aserstot Beimpleneatatines digraseddrest isgmpaaratus Fi gure
2 shows an i £ d: of g it i er
Fayer 1 ot SxBTREd & actokfith B AN Aen B DR, oL o SERICIaRBabRALS P
to the met hdadr®Ge sdrevomplidhirguthe plocess dpbratibas @ik tyistem adntiollockavah?. At

bl ock 252, 15after the operation of depqgsiting a protective |ayer over a
surface of dnwew%fgbg?%qﬂénwoa?%eRe%QI}S 19%%5%%&%%@ (ﬁlég‘/l@?eqr s treated.

The protect iiéf?lén?éﬁ%io‘th%eﬁtaf&%}e f@ﬁcédﬁ?ﬂlﬁgﬁg ﬁlté 086039 &rﬁti&&Qnﬂﬁ%s]?%]thve

| ayer or adhesion of e barrier |ayer rotective layer,

exanpl e.15Exgmptessng thamlmtre ¢A Ldeprbepsng thaulars and PEAMI decesspesihagbetse
protective lgyer to el evated te atures (i.e., a thernpl.anneal), to a
Dopl s or Oheure P TUaR B iaghEC bt oot animep dGSESt Y U Ly of
the protectiygrel RYREsors ddhfBuF@dY ek AtcAhBRIRNEHhs 66 1ht thedpp@laiBSANEr e of
argon and ammoni a or an atnosphere of hydrogen and anmmonia), or to the

vacuum of t msriorroeeeghehurtseerdarcewhittc thetdirslqse direpleingrtatiense Maghsnedeposi t ed.
I n one eXperriegaeelee’mgdigr Ottgi%}ni ViIelStll'uaCYigll‘iS QErbitpo?lciiner)he gn irﬁ‘&% duelpOSi ted
25barrier |ayer was us RS S e Cond Get or UV PE e PREF TRt T on process
(procesg0l) arostdand2Viatidep dsiclosed asléieritatichéenay@scouprd tb Fheasyoieer

sem conduct or device fabrication process (process 2?. In process 1, a 5
Angst rom t hiRUpHEt ect i ve | ayer of

Figure 3 shows a schematic diagram of a system suitable for atomic layer
deposition (ALD) and ion-induced atomic layer deposition (1IALD) processes. In the
system of Figure 3, all of the ion/radical generating feed gases and the precursor gases

25  are introduced into a main body chamber 190 via a distribution showerhead 171
including of a series of arrays or apertures 175. However, other means for uniformly
distributing gases essentially parallel or perpendicular to a face of a substrate 181 may
also be used. Although the showerhead 171 is shown to be above the substrate 181 to
direct a gas flow downwards towards the substrate 181, alternative lateral gas

30  introduction schemes are possible. Various lateral gas introduction schemes are
described in U.S. Patent Application Serial No. 10/215,711, filed August 8, 2002,

which is herein incorporated by reference.
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TaN was deposited on a sem conductor dual damascene structure using a
thermal ALD process, and then a 5 Angstromthick |ayer of TaN was deposited
on t he 30wpnrot2sbi7ve | ayer using an i ALD process. A Ta PCadis2éiapsrsieas
deposited using a physical vapor deposition (PVD) process. In process 2, a

TaN | ayer was deposited using.a PVD process. After depositin . TaN
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the TaN protective |ayer has a hi %h resistivity, the use of the TaN
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10Anot her asppect e rnp i"ons “di scl'ose erein s an apparatus

configured tto dageaaplftcsihzakdes 1Meuid 130 dagaciakadnd&Teiml. radicslvil T@bhetoappar at us
i ncl udes hardware for acconplishi n%ét he process operations and a system

control | er HBWOG NeAgH YRGS Veior 58 St roPLidehrieas yrady abpymd Oivhto
accor dange wisdhfy bheshaFbozad LMbAEANHIORSyRAINBNS | &5 Bggompl i shi ng

t he process operations 1Inc 15 processing chanbers, i ALD processing
chanbers, anoleRECYDn greonbssite s ko HEmbergstivelpracrgias Ven 186 miodoldterthevehdrgy

typically include one or nore nmeno devi ces and gne or. nor rocessors
cont i gur ed 1% RSP HeTsdopy e dpies T afactn e s S0 ke FoTBer  or m a
met hod i n ageRLAARE Surtick Bf tQuliRed OBRGdsTRLBIERIRH GRS mpMRCnNR: I eadabl e

medi a containing instructions for controlling process operations in 20
accor dance wubstrath &8 ldidseingdkeldépopitioneenction embinpuyvibe theodgpbigdof thet he syst em

control l.er. .. Hqure 3 shows a schematlc di agram.of tem suitable
for atoroc 195Pereg s ednT ekt 8y SaRae rort S eDe b gmec i & Lr gdBeSi t 1 on
(i ALD) procegsigshe plisrhotsntil efpiehllyhtaut €0 ¥, to@lol Vindt g, isahé hadiica!
generating feed gases and the precursor gases 25are introduced into a main
body chanberpot@tialVeusd88inskuesden thenukstigiteledderrgativediotiitiagVes 185 Seri es of

arrays or ap r ) ; f I istrihuting
gases essentcﬁgfr#gl/eedzbﬁﬁ zgl?la%ﬁpeor lﬁéfraf)gzr)]‘%l&{: uffggr%rg%\éengﬁ?é;egée;e%;ﬂaéé Sﬁ{ggr&’r{g e 181
may al so be inéedd népdtRopgtentitevghosembeastsvith insreatingR Fidasymvabane t he
substrate 181 to direct a gas flow downwards towards the substrate 181,

al t er nat?lve qeﬁlieéWéIWlﬁh‘i"C%?lﬁglR@om&%P‘B’YFrscherres are possible. Various

| ateral gas introduction schenes are described in U S Patent Application
Serial No. 10/ 215;ommllirg the RFAuepisves alspgomtrolpHiccdenpisy ansrhenee theaombsr at ed

by refer eNC&f ions generated in the plasma. Increasing the RF bias power generally increases the

ion density, leading to an increase in the flux of ions impinging on the substrate.
Higher RF bias powers are also required for larger substrate diameters. In some

25  processes, a power density less than or equal to about 0.5 W/cm® may be used, which
equates to less than or equal to about 150 W for an about 200 mm diameter substrate.
Power densities greater than or equal to about 3 W/cm? (i.c., greater than about 1000
W for a 200 mm diameter substrate) may lead to undesired sputtering of the deposited

film.

30 The frequency of the RF bias power can be about 400 kHz, about 13.56 MHz,
or higher (e.g., about 60 MHz, etc.). A low frequency (e.g., about 400 kHz), however,
can lead to a broad ion energy distribution with high energy tails which may cause

excessive sputtering. The higher frequencies (e.g., about 13.56 MHz or greater) may
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In the inplementation of the systemshown in Figure 3, a source of RF bias
power 160 is coupled to one or nore electrostatic chuck (ESC) el ectrodes
603 i n a wobstwvembmopedestal 182, which includes insul at iPOm/UB3®,1/051586 an

i npedance mat chi ng device 150. The ESC el ectrodes 603 may be of any
arbitrary shape. The RF bhias ower provjdes power for _both.ion generation
during i AL D 1ftio g oo B GPuans ‘ﬂ@h(wgf (520 Energies, WHEOh TR BE bi as
power is usegydBpIgeRanAepRcRkas ”ﬁe%@re'uﬂif@nﬂ%ﬂ‘erﬁf@ﬁcﬁtﬁb&%}mﬁmlSQ’ for
exanpl e, between the subslt)rat_e 181 and the showerhead 171 to dissociate

f eed gasses bkt@usatht RBOias polgeitiesvatahcs beferclipis eand mpaicenl the WubBtratadsuch i nduce
a negative p[ﬁt gﬂti al Vbitas 185 éid e. alDC of fset voltage typically about
-10 V to 10 T¥d"S 4P STt UMERYA By %0&?}5151 ‘to about 475 WRF power and about
0.1 to 5 _Torr pressyre) on.the substrate 181 e negative potential Vbias
185 moduPat es thékﬁwgvn@fgwrﬁé, YIS QféPQll%QEg%%ﬁ oty ChRICpIAEfa and
attracts tha:qosinine!achangsdThousd RN J1be Uil a8 1 fipRUStd at e.
The positively charged ions inpinge on the substrate I, driving the
deposi ti on raeaict taprd 181td aivolsagmsongyctSBe vddribt nlyilitf totvagy thdepasi areghibitam The

bl asmm pot erlbHar cuBies: (CPandle « FERePTY amatiathe danieuisR duax & il ac i ve
potential Vhlkass IBRecdmdy Q@Iﬂa%%o{uk&@ 538k fiatenttBhp STRf RRUBE iy cPQlppRt i al
Vbl as 185 is control|ed by the applied RF bias power. For a gflrven process

regi on d@onetlfy Theeltigedwues S3é durtsoliecoppled e b savefiormgen®stor gt ebldes wi t h
i ncreasi ng RE._hi d .20 dec S W L n - hi.as. _power .
Cont ro 1 g TR RRNE B0, o) EERLERRHS AV an BERERR! "Bk 3P e

nunber of i onscgrnefoaattbrintayt frecoptraledby b BeteASbimguich ) Rimdhaas aparigilc
generally increases the ion densjity, leading to an increase in the flux of
i ons i npi ngi 'Ry cHIM Hdifferpatitinagsevithip grarenmrodssaandypme pdditionallyhave ¢ e r ed

for larger SSianGlanR! 8 solle SPRRIRE LY BRSEAPS: cpRAUBTAaRST LY | oo

than or equ to about S equates to less than or
equal t dSaboubstibOpddestal 1 &rbyaRBb btocRiG capaditioesn@t]ghatdwkisproaside.a [FOwpen for

densities grea t han or al . to ab 3 Wen2 (i.e., gr er than about
1000 W 1 or CAhoB0 ne<aruy S10 g%w%ﬁt%gww & C@Hunﬁ%@@i&p%ﬁuen ng of
t he deposi tesqplgsl'glﬁu 30The frequency of the RF bias power can be about 400
kHz, about 13. MHz, or higher (e.g., about 60 MHz, etc.). A |low frequency

(€9, about 400 i) hRveEinasfidls LA oA lLBAdohO D FRSLAY dilElfd DUt on

wi th high energy tai y cause excessive sputteri hi gher
frequenci es sigfage reacthomn) aniFadicalvVHzo Qused petit aegondayactdneadlica AL iDgdyiseem | on
energy distributions with l.ower nean ion energies, which may be favorable
for i ALBOpr JtEEEREN lmﬁ%ﬁt??d?l@etmﬁnﬁwmnéﬁr éaﬁléﬁ‘rrg@an&_hg@%l BB 1P GoEuhe because
the RF bias &Bbﬁﬁbﬂ ¥aSiiid LS BRHOaRIrE ONSLERRI LIREAIRIAY cbhgolSHRgbIEAL €,
such that the ions see a tine-averaged potential. 5As shown in Figure 3, a
source of appith das @Bahicasnt ihmsadamdchiepenied lusdgtid LD afStaslybew saltstrapedest al

182. The source can be a power su 510 coupl ed a _center t. 518 to
2 vol tage. sdumBavase Gpiw o uar RGEos0 Ty 4 BitBeder AipSe Gt an
infinite i nedan&e rodRidmnadtline (i.8, ¥sdut abt® drerekance device 605 nay be
coupled in series between the voltage source 525 and the center tap 518 of

the DC pgwer Suppfpy s%%@ﬂ{})hfeﬂélﬁe YbhARR aSAHEERiaRg b Bsdd FahbeC PHPLEH O @

wavef or m generator 5
in substantial communication with or substantially within a main chamber body 190.

The feed gasses 110 and 130 are delivered to the plasma source chamber 170 via
valving 115 and 116, and a gas feed line 132. Typical feed gases 130 used for ion
generation include, but are not restricted to, Ar, Kr, Ne, He, and Xe. Typical feed

30  gases 110 (e.g., precursor B) used for radical generation include, but are not restricted
to Hy, 0,, N», NH3, and H,0 vapor. The ions 177 are used to deliver the energy
needed to drive surface reactions between the first adsorbed reactant and the

generated radicals 176.
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wavef orm generator may be a variabl e-type waveform generator. A

vari abl e-t ype waveform generator may be controlled by a control conputer
195 and hwoeom/osarnabl e waveform at different tines w t IRCRH/UES2@i1082510r OCESS
and rmay additi onaIIy have a non- periodic output signal. The source of

applied DC bi as n be coupled to the ESC 15 bstrate edest a 2 by RF
bl ocki ng capaci to e%’@fezicﬁ‘gs 1@81(?@ pPrBQ}’rr%Pé‘é %é(BﬁeﬁmF (ﬁ) ‘@d‘%? d%&r suppl y

510 and pr e\ﬁﬁéﬁurdaFD@ﬁﬁygyuiadqm&ﬁlrardb@irmgyérhqfh&)ﬁrsp@aaamsmpmé ¥., préflrsor In
i ALD, the same plasma |Is used Eg}gnerate both ions 177 (used to _drive the
surface reacth ra%sl)e ighedycadiiochs %ha I 9sdd valeing @S andcbagesrfedlingrsy. Tihe i ALD

system 20ut i s'eéc%ﬁ%%dec%ﬂt | IR, DebclisBet | HaPBERBYddet&IhEEnahtlch o &Q%Mnﬁer mal

energy to drive ep05|t| on reaction. Since tenperature can be uséd as a
secondar y codfroll thegas bl Ene W2 Hhelhisd reatianid é0rerg., IfrﬁqumerémaMé)edepom t ed
using i ALD a%ﬁr@du@e&ttoa%ﬁe %m'b‘é’r‘"i%%%aﬁ%%e145‘3’921%9%&%3%% 1&%%9?“?& Xhameo% t han

about 3500) icul near

t enper at ur e 180.1@ay; beaéa@uﬁaté’cE@)th@rvaaﬁinopumg%meusmstsmrﬁﬁ aIFd guﬂledﬁaxeont ains a
substantially encl osed chanmber 170 | ocated in substantial conmunication
with or subdbeheridgseripediin Kih PatephNe: @ALGBET sy - Poignt ped 4 8etP9gasses 110
and 130 are delivered to the plasma source chanmber 170 via valving 115 and
116, and a JHSRTHER IMRIEMBNTARIONSG| feed gases 130 used for ion
generation include, but are not restricted to, Ar, Kr, Ne, He, and Xe.

Typi cal 10eed 30gaBesippdBtushprarcssepdescuibsdherBin mgebe fwd in aoiijumitiog@viér ation

i ncl ude, but.are not stri or. The ions
177 are’ usedifastuly vk Reltoorsselt e5tapby Rt Ui ARRUPEEEL | ons

bet ween t he Iflétfufﬁctlﬁ@%@Eéﬁi@oﬁcﬁ%ﬁﬁ@@%c@sﬂqls;)ﬁ?s QL@]?Sr @h@t@vélﬁﬁlé paleR ahdbhe

Gaseous reactants 100 (e.g., precursor A Frecursor C, and 140
(e.qg. precdrk§oﬁy@0aﬂfﬂyh@lghus)édeqeésarléy,r$u@h@eks(me@swaw@ beThed 61i r st react ant
100 (e g., pregurs may be | hanb r 170 via vaIV|ng
105 and t he e EERePhraTE S hrhLEBHMTRY bl iFOHTRRE SR sor U
may be st rqduﬁ@glcmy Eé’tﬁpt@d’é@@&ﬁé oﬁZl@of/ﬂh@ foredwihg gtepsl 2bchadieh Ehadledasitf #ed |ine
132. The third reactant 140 (e, precursor D). may be introduced to the
chamber 170 fpEbey af Respiglertes!sarig aPMé:aga%Of@momWé)nl%worlqm@ceeH@nber 180 may

be evacuate 4 rther
descri bed |%u¥)}t{§ll.{]e’%a]¥g té Bﬁo&yg&ﬁl’% @Akgzof%ﬁ%%%ggﬁ {e@ﬁoﬁﬁgi ﬂggte%lg%
FURTHER | MPLENEaiNa&Tdr@NG cudifd hoel; a(Bparp@"smg/tlmlmmaa tdesihle beUVhareray may be
used in conjuncti with lithographic p g tools or pro ses, for
exanpl e, forl lighf TP 3PPIHER Bha Wﬁf[%ﬁ?ap%{c@b veloPiae fedBnHaeEs o %fi@ﬁt%@

di spl aysy Lﬁaaovmefspmi thédeby g%&%%@ﬂ% atttssl Au'cﬁgsa@épb&ﬁhl tlraﬂﬁ&%gnot
necessarily, such tool s/proce ses W || be used or conducted’together in a
common f abr itbatdsohpdteo Inte yn uhderlyogr fphorowdtp echiyngingfa dry or plasma-

assisted etching tool; and (6) removing the resist using a tool such as an RF or

microwave plasma resist stripper.
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15filmtypically conprises sone or all of the follow ng steps, each step
enabled with a nunber of possible tools: (1) application of photoresist on
a wor k piwoep12oser7p substrate, using a spin-on or sprayPom/use@l/05352§ curing
of photoresist using a hot plate or furnace or UV curing tool; (3) exposing
t he photoresist to visible or UV or x-ray light with a tool such as a wafer
stepper; (4) devel oping the resist socasniSsel ectively 20renove resist and
thereby pattern it using a tool such as a wet bench; (5) transferring the
resi st pattewRaiiftRimey Ynderlying filmor work piece by using a dry or

pl asma- assi sted etching tool; and (6) renoving the resist using a tool such
as an RF or m gLovRye: resist stripper. CLAIMS What is clained is:

1. A nethod %6§pri3|néﬂhﬁﬁﬂg (a) depositing a protective |layer over a
surface of a waf o t r e
substantial ly legé)%iBihhgﬁﬁ(#%%ﬂ%é é%Bgﬁbs §ﬁ?98{%§ﬁ&§ lmﬂa 18&@%

pl asma- assi qireé.‘ksﬂ&ﬁﬁ"ﬁglufdd(lﬁ pm@lcesﬁgstmelﬂ}eleﬁs ddiﬁag@rlmmwfvﬁsdbawaé thad d ess

t han about 100 Angstrops thick; and é depositing a barrier |ayer
over the pr éiréfcﬂ aw pssiplsd deapsigon %C@S}Sf\gherﬁmé %ﬁroéf‘sc%lV%laéfﬂf iqdprs dhanjagaut
process. 2. im1l, wherein the protective |ayer is about
one nnnolayer t ﬁgggﬂﬁghghﬁethod of claim1, wherein the protective | ayer
is about 3 to 30 4 t t he
first plasna- ass#@?&%)é%p st%#%%Iaég8§£§mgﬁégggvg%g§#£§%§§%%Pﬁ?ééﬁgﬁfh
greater thamsgbedtde@Bliongirdcss.adi o frequency power. 5. The method of claim
1, wherein the protective layer includes a netal. 20 6. The nethod of
claim1,jowherein the protective layer includes tantalumnitride. 7. The

met hod of claim 1, wherein the barrier layer includes tantalumnitride.

258. The methofhGhethb®bfMidim WEAEER RPHBCH PRy EAL aBEH hBmAbRyBEhiRr Med i n

t he sane

3. The method of claim 1, wherein the protective layer is about 3 to 30 Angstroms

thick.
15
4. The method of claim 1, wherein the first plasma-assisted deposition process uses a
plasma generated with greater than about 300 watts radio frequency power.
5. The method of claim 1, wherein the protective layer includes a metal.
20

6. The method of claim 1, wherein the protective layer includes tantalum nitride.

7. The method of claim 1, wherein the barrier layer includes tantalum nitride.

25 8. The method of claim 1, wherein operations (a) and (b) are performed in the same

process chamber.
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process chanber. 9. The nethod of claim11, wherein operation (a) includes
a thermal atom c | ayer deposition process. 10. The nmethod of claiml,
wher ei n operatdwmr7fa) i ncl udes a chem cal vapor 5deposi PCOUSPIIOESI6
enploying a | ow power plasma. 11. The nethod of claim 1, wherein operation
(a) includes chem cal .vapor deposition process enmpl oying a.renote plasm
source or an- ZEW@P@%@%&@&@%%HP%? egm@ﬁﬁwﬁ%gﬁw&al a?@ﬁaléyem asma

sour ce. depositideprottlg. method of claim 1, wherein the surface of the
waf er over which the protective |layer is deposited includes a dielectric.
13. The method of claim 12, wherein the dielectric is a lowk dielectric.
14. The nmethod of claim 12, wherein the dielectric is a high-k dielectric.
15. The met hod Qf cl.ai further .conpri.sipg: after eration (a) but

et or 6 oper ad) oiteciRoPbEdirhl PRE-f BEREF! D indldsS s REE A e hog o

clai m 1, swhefepbditibhprobéss shpihyassd@iows pbweeslagh@posi ti on process incl udes an

i on-induced atom c | ayer deposition process. 17. The nmethod of claiml,
further conprising: 25applying photoresist to the wafer substrate; exposing
the photoresist to light; patterning the resist and transferring the
pattern to tfe MafelhSHOSULH Eiwididn ogé&‘aﬁ&ﬁ ta‘é Slfude§ %ﬁérﬂ%ag @g;oPhOt or esi st
fromthe wafer substrate. 18." An apparatus conprising: (a process
chanber; andleposition process employing a remote plasma source or an atomic layer deposition

process employing a remote plasma source.

10
12. The method of claim 1, wherein the surface of the wafer over which the
protective layer is deposited includes a dielectric.
13. The method of claim 12, wherein the diclectric is a low-k dielectric.
15
14. The method of claim 12, wherein the dielectric is a high-k dielectric.
15. The method of claim 1, further comprising:
after operation (a) but before operation (b), treating the protective layer.
20
16. The method of claim 1, wherein the first plasma-assisted deposition process
includes an ion-induced atomic layer deposition process.
17. The method of claim 1, further comprising:
25 applying photoresist to the wafer substrate;

exposing the photoresist to light;

patterning the resist and transferring the pattern to the wafer substrate; and
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5(b) a controller conprising programinstructions for conducting a process
conprising the steps of: depositing a protective |ayer over a surface
of a waf ewOootss50EDe usi ng a process configured to prodece/tGsadgossié al |y

| ess damage in the wafer substrate than a first plasnma-assisted deposition
process, wherein tg;. rotecti.ve layer is éple S t?an bout 100 Angstrons
thick; and SQEROLSY FoRP ieths APPIoETsIS: HoRY e yafershst3iot ect i ve | ayer
using the first plasna-assisted deposition process. 19. A system conpri sing
the apparatus of claim 18 and a stepper. 15 20. A non-transitory conputer
machi ne-r eadabl e medi um conpri sing programinstructions for control of a
deposi ti on afpakmappsrateseonimsingict i ons conpri sing code for: depositing a
protective |ayer over a surface of a wafer substrate using a 20 process
configured to prdducprosedsshambérahnd/ | ess damage in the wafer substrate than
a first plasnma-assisted deposition process, wherein the protective |ayer is
| ess thag about 10Pa Angsilleoommprivigkprogiagh instructiodie ferohdw@ing apasdeser | ayer
over the protectjve |ayer using the first plasnma-assi sted deposition
process. 25 comprising the Steps of:

depositing a protective layer over a surface of a wafer substrate using a
process configured to produce substantially less damage in the wafer substrate
than a first plasma-assisted deposition process, wherein the protective layer is

10 less than about 100 Angstroms thick; and

depositing the barrier layer over the protective layer using the first

plasma-assisted deposition process.

19. A system comprising the apparatus of claim 18 and a stepper.
15

20. A non-transitory computer machine-readable medium comprising program
instructions for control of a deposition apparatus, the instructions comprising code

for:

depositing a protective layer over a surface of a wafer substrate using a
20  process configured to produce substantially less damage in the wafer substrate than a
first plasma-assisted deposition process, wherein the protective layer is less than about

100 Angstroms thick; and

depositing a barrier layer over the protective layer using the first plasma-
assisted deposition process.

25
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