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Utra-Large-Scale 10 Integrated (VLSI) circuits with snmaller feature size,
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| ayers, called Interlevel D electric (ILD) layers, which conprise the
circuit. Conpared with other planarization techniques, the chem cal
mechani cal polishing (CWP) process produces excellent |ocal and gl obal

pl anari zation at |low cost, and is thus 15 w dely adopted in many back-end
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often silicon dioxide (Si02). In addition to achieving gl obal
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pressure, The ever-increasing demand for high-performance microelectronic devices has

motivated the semiconductor industry to design and manufacture Ultra-Large-Scale

10 Integrated (ULSI) circuits with smaller feature size, higher resolution, denser packing, and

multi-layer interconnects. The ULSI technology places stringent demands on global

planarity on multiple layers, called Interlevel Dielectric (ILD) layers, which comprise the

circuit. Compared with other planarization techniques, the chemical mechanical polishing

(CMP) process produces excellent local and global planarization at low cost, and is thus

15 widely adopted in many back-end processes for planarizing inter-level dielectric layers,

which are most often silicon dioxide (Si0,). In addition to achieving global planarization,

CMP is also critical to many emerging process technologies, such as the polishing of

copper (Cu) damascene patterns, low-k dielectrics, and shallow trench isolation (STI)

structures (Landis et al., 1992; Peters, 1998). The wide range of materials to be polished

20 concurrently or sequentially, however, increases the complexity of the CMP process and

necessitates an understanding of the process fundamentals for optimal process design and
contro].

Despite its extensive use in ULSI manufacturing, the basic material removal

mechanisms in CMP are not yet well understood. Long ago, Preston empirically found

25 in glass polishing that the material removal rate (MRR) is proportional to the product of



5 VR the relative velocity, and kp is a constant known as the Preston
constant. In recent years, it has been denonstrated in many works that the
above relgig@meog7s al so valid for netals (St ei gerwal d et acyush92470
Stavreva et al., 1995 and 1997) and ceranics (Nakamura et al., 1985;
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aI.,1981, Lby“@ﬁmghs, 1996) and pad asperity contact nodel s (Yu et aI.,
1993) to elucidate the nechanical aspects of the CMP process. Assumni ng

t hat wafer/abrasive or wafer/pad is |n contact, the applied stress field
near the wafer surface results in el a (k I astlc deformati on of the
surface | ayer and produces wear. Anot er pg research has focused 15 on
the chem cal nechani sns of the process (Cbok 1990 Luo et al., 1998). Cook
first revi enes dibthethickiesadf the kgassmboed, pihapslishiig tihe,pghe tenisagested t hat
both surface dissolution under particle inpact and the absorption or
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t he COI’I act co nportant to process

characteri Z@talomslmdeétung99apﬂlmﬂaspa@¢<smactrdddwev‘£éﬁetaﬂpl&ﬂabe)dhlrcedaae| S no
explicit methodology in the CMP literature to characterize wafer-scale

i nterfaci al tt@omnh@m@a@smcttsmfﬁh@@wsprpmsané@@fr@ng St afeaighersiR 6F wafeapad
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velocity, slurry viscosity, slurry filmthickness, and pressure
di stribditi onn tmchdmcahheqhasumsaxféhﬁ(ﬂmmI(COnggﬂ%ﬁalitm@I alan@PByaek fi1s994) .

Anot her group.has uned .t he wafer ont a I cont act
with the pafVigde Ihél B“?Eﬂepro‘éﬁS% L2 %]I@ ‘?h & h em%‘ﬁg?sg‘?‘{) h[aﬁb %‘aﬂl Besti
modul us- and 4@l Mok thie? bareieR ifp8étdnB ¥hd dbSorption or dissolution of wear particles onto

- the slurry particles will determine the polishing rate of glass. More recently, a two-

dimensional wafer-scale model based on lubrication theory (Runnels and Eyman, 1994)
20 and mass transport has been proposed (Sundararajan et al., 1999). In this model, the
wafer is assumed to hydroplane on the pad surface, and the normal load is supported by
the hydrodynamic pressure of the viscous slurry film. The polishing rate is determined

by the convective mass transport of the chemical species.
Whether material removal is by mechanical, chemical, or chemomechanical
25 interactions in the CMP process, an understanding of the contact condition at the
wafer/pad interface is important to process characterization, modeling, and optimization.
However, to date there is no exphclt methodology in the CMP literature to characterize
wafer-scale interfacial conditions with process parameters. Some researchers 'have
assumed that the wafer hydroplanes while being polished, and thus solve the Reynolds

30 equation of lubrication to determine the relations among wafer curvature, applied



5 classical contact nechanics nodel (Chekina et al., 1998). Measurenent of
the vertical displacenent of the wafer relative to the pad seens the nost
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determne the slurry filmthickness (I\/bs§ et al., 1997). However, the
conpl i ance of the pad material and that f  the back filmin the wafer

carrier nake such asurenents, unrelia th
hydr opl ani ng’riséu’i‘?orggltlﬁﬁvéof)@’eﬁluEréfP(éFSB?B'dSBﬁyV\ghﬁﬁ“g?‘e?p %%hgre :ilnﬁﬁ’r]aeet
al ., 1985), g thlsswaf%rt??faw:@%%lt@ﬁC@du%nMparh@ylﬁ% Ulgbg). t %n@th%ﬁ?ﬂﬁb Ik Ze

waf er. I n general erent applied pressure,” velocity, and
exper i ment alaseumndi thieonsfer impinoyorthdoyort pretiatly irocsntadt rwidls thegpddorasd hiehate the
resulted in a difficult situation to draw any defi |t|ve concl
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process that promote an increased material removal rate (MRR) from the surface of the
wafer.
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Zhao, B., and Shi, F.G., 1999, “Chemical Mechanical Polishing in IC Process:

New Fundamental Insights,” Proc. 1999 CMP-MIC Conf., pp. 13-22.
SUMMARY OF THE INVENTION

20 Accordingly, it is an object of the present invention to provide a method of
chemical mechanical polishing (CMP) that promotes increased material removal rate
(MRR). More particularly, it is an object of the present invention to provide a method
which operates in a contact mode at the interface between the CMP polishing pad and the
wafer or substrate surface. Further, the present invention provides a method which

25 identifies preferred CMP process parameters for increasing the MRR.

As will be described in detail below, the inventors have discovered that to increase
the material removal rate, the CMP process must be operated in the contact mode at the
interface between the wafer and the polishing pad. Hydroplaning at the interface is not
a stable process mode in terms of the gimbaling point location, wafer curvarture, and

30 fluctuations in slurry flow. Accordingly, the important issue in CMP process design is
to select process parameters to maintain the process in the stable contact regime. Further,

the inventors have discovered that, within the contact mode, preferred process parameters



WO 02/ 09907 PCT/ US01/ 24170 -6 may be identified according to a
mat hemati cal derivation as described below. In general, a nethod of

chem cal wecpawezal polishing a surface of a wafer with a@aideshing pad is
provided, conprising the steps of. rotating any one or both of the
polishing pad and the wafer at a relative velocity vR, and urging the wafer
and pad agai ns

5, each.other. at an appli.e r.essure ej n the val ues
of p and vRP&Y ée wﬁﬂﬁ?%ﬁ‘fcofchlég &1 %%ﬁf&’@gc%gg %%hontaﬁed%fggég:?ﬁ ““he wafer are
in the contact npdencla ARGHhOEHF ARREGH nRbhdliea] BORSERY 2 LiF¥RBLF #fafe wilt hod
of chem cal nechanical * polishing is provided where the follow ng equation

is satisfiedpolifRing paf,ié provided, cdfiprdieg cheviRepssoft hatatimg any vee erehadleiof yheof t he
pol i shing pad. and the wafer, p is_the pressure _applied tg th fer, and
G, is a conalishieprdnd GemaleabaraaveElogEs i £g Mging Re vabT ARG EanSt
interface a [ k: q.77 hS.t vy Sl t ed in
o TR S BB e R RS ) 4 B sl

aspect of tiRerPcesaiiceh Megiidiaa thawakt hedn dfe @whesrt metde.mechani cal 15 °
polishing is provided wherein the interfacial friction coefficient s

moni t or ed dur i nglnt #nethavepent of dke presentenyangion. & meethed ef Fhneicang@ddpicthe

waf er and the. pad.in the caontagt de and. preferably to maintain the CwW
process at Qﬁ’éﬁlﬁﬁgéf’ B?Orvé‘gedo‘%é‘?gﬁer%?%‘gﬁnﬁ?&l%}@18 et}Sz%lecel'xarrpl e, method of

chem cal mechani cal polishing a surf@c?,pfcq/ﬁafer with a polishing(lpad IS

provi ded conprising the steps of: roth i~ng any one or both ofthe polishing

pad angh 20 {h&ewRf RrihdtelaiveetadddityeorMBt pelishing/plid addiheovifes pviatiey prassrpad
agai nst each other at an applied pressurep; neasuring the frictional

f or ces geneapplied thihetwafen and Enis avehetantthatiintelatedito thelspemnetayof thepelishing ng
the friction coefficient. fromsaid friction neasurenent; a contral I'ing

) Y d
the val ues wissiagnand rrachingdesienandihs the Viseosty Afdhs ?lP’B'Vé‘ﬁ?‘{]‘é‘tth%p%F &r of
about 0.1 reater durir Li shing. 25 BRI EF DESCRI PTI ON OF THE
AP hER T o MR E Bl

DRAW NGS O ges of the present invention will becone

apparent upon raaginiehdr NRpeatAithepresias aiveRtibRh Mtthbe Jf kanichnedadicap
appended cl ai ns provi ded bel ow, and upon reference to the drawi ngs, in

whi ch: 15Fi gspolishingds arevidashelmacin thedintegfagiob fristtion isecifisiont ispaenitordermgdhat t he
contact 3 OCJI\T/B)dper’ocergs 2c(oer(r.'filaur;rl?aqr? th% qurﬂerrﬁ/c%%ggxlzeaernl chpeq’va{%rcj and ttrle%sa%?r(f %hie\cl:grlﬂét mode,
and preferably to maintain the CMP process at the preferred operating parameters. For
example, method of chemical mechanical polishing a surface of a wafer with a polishing
pad is provided comprising the steps of: rotating any one or both of the polishing pad and
20 the wafer at a relative velocity vg; urging the wafer and pad against each other at an
applied pressure p; measuring the frictional forces generated by the pad and wafer during
the polishing; determining the friction coefficient from said friction measurement; and
controlling the values of p and vy to maintain the friction coefficient at a value of about
0.1 or greater during polishing.

25 BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the present invention will become apparent upon
reading the detailed description of the invention and the appended claims provided below,
and upon reference to the drawings, in which:

Figs. 1A-1C are schematic diagrams of the wafer/pad interface at the contact

30 mode, mixed mode and hydroplaning mode, respectively.

Fig. 2 is a graph showing the effect of the energy flux on Cu removal rate.



Fig. 2 is a graph showing the effect of the energy flux on Cu renpval rate.
WO 02/ 09907 PCT/ USO01/ 24170 -7 Fig. 3 is a graph illustrating the effect of
t he ener gwddawse@n the Preston constant. Fig. 4A shows therefdoesii7ef the
di mensi onal paraneter on the nornmalized Qu renoval rate. Fig. 4B
illustrates the effect of the di nensional paraneter on the Preston

constant. 5 Fig.,..5.is ag h il|.lust i.n he eff ct o he, di nensi onal
parameter on t heFig-3rigei Bbe}li’li“a@‘égfrlafuég @‘ﬁte?fteﬁl ‘%tﬁ%e“s@ Y %fhg %ﬁsgqn {onaRnt
between the Pres t t Benkr digleh9Bnal Yagihdi&! @the dobBalized Cu
illustrates the {/Weé!o&c@?@&gé; hga%@ﬁc?fon cl)f pr es%sure and shows preferred 10
parameters tdiasvalegtebe sel ected according to one aspect of the present

i nvention. DETAILED DESCRI PTI ON OF THE | NVENTI.ON The fol | ng
nomencl ature is l!f%&Btlﬂﬁﬁt?éqﬁéhﬁeffeﬁ@fd@ébmeﬁﬁm%ﬂPé‘iamceFFé%F@%é?ﬁon GORSBAL i on

and is defined as: = Prestq t font rmal
ener gy eneratio l%uelﬁ 8 %rgpsh ﬁgﬁﬁ% i efféz? Mn%ﬁlﬁbnl%gg?hgle %%h\%g? @
P * = opti mgnciigh¥BbfiRi@gsure (N nR) rp, r,,, = distances between a g| ven

poi nt on the wafer and the centers of the pad and the wafer (m) 20 VR * =
opt i mal r el ati ve Figl @choys (the sprrsitien pagrdenuidle Rypstomsonengt andethgefriséipry

(nm's) cosity of the slurry (Pas) ,u = Coulonb friction coefficient
Al A /4 —CF"?f? ¥Pbn coefficients 25 = thickness of the material renoved on

waf er surface (mgie G Fésfth&v%@ﬁy(aé/ kﬂlﬁ}m&h%ﬂp@é@%’e%ﬁ dve teeeyer ed
that the material Tenoval rate (MRR)" of the chem cal nechanical polishing

(CVP) poocCeparantetdrsiad ey batselectd ecqmrdmgscsone;aspacrtrqf ¢l present Bwetianhat t he
nterface condition bet yee i B MR SknShoR B il SRHNAGK "¢ the P

The following nomenclature is used throughout the description of the present

invention and is defined as:

k, = Preston constant (m*/N)
15 P = the rate of thermal energy generation due to friction (W)
P = normal pressure on wafer (N/m?)
P = optimal normal pressure (N/m?)
Vps Fy = distances between a given point on the wafer and the centers of the
pad and the wafer (m)
20 v = optimal relative velocity (m/s)
Vg = magnitude of the relative velocity (m/s)
n = viscosity of the slutry (Pa-s)
)7 = Coulomb friction coefficient
Has Ky M = friction coefficients '
25 & = thickness of the material removed on wafer surface (m)
C = specific heat (J/kg-K)

The inventors have discovered that the material removal rate (MRR) of the
chemical mechanical polishing (CMP) process is improved when the process is carried
out such that the interface condition between the wafer or substrate surface and the CMP

30 polishing pad (wafer/pad interface) are in the contact mode or contact regime. In

particular, as described in further detail below, during the CMP process three modes may



30 polishing pad (wafer/pad interface) are in the contact node or contact
reginme. In particular, as described in further detail below, during the
CVP proceea® d2was nodes may WO 02/ 09907 PCT/ US01/ 24170 - Scaxusvi2étot he
interface of the pad and wafer; nanely, ¢he contact, hydroplaning and m xed
nodes. Referring to Figs. 1A to 1C, schematic diagrans illustrating the

fer/pad i f i 1 xed hyd i mod .
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machi ne usually inc es one or nore polishing stations which supports the
pol i shi ng piateraed imtheadresctoapixed ard laslsgridliyg modehrespgepivelly sare sleowm fAeCMEOne
exanple of a CVWP machine that, may be used to practice the nmethod of the
present i nvaehiap speh afBewer vV 19§“‘p%ﬁ’éwse§|6?)??1&:%‘ttﬁ%wa§éP?%‘I sgge- In
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one speci fi ge@wabihephdat ¥ ®hfer tdrrivt dskerhBlyuntdels sippotts the wifas eof exangplaar y
skill in the art that any suitable CMP nmachine nay be used to practice the
nmet hod of ttfea ChiRswahing e mayde. usTd tpragted the matendorf the Presentimeeniigpfiiice of

breser op. Jeeripe s Fishgt b aPmlton el dre, WL ANREAlRSne, BogRE GEPA* <
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the wafer. The wafer is typically rotated, and [?he poli shing pad noves
ei t her1d i neattirgtyoWhite/onerspeafie exenplels givey ghwitlthaundérstond by those df ordikpey i ence

a relative velocity vVR . Wen. th fer,. is essed agaj.nst th | i shing
pad and sl i8R heae tﬁﬁtaé‘b’ @%‘FﬁbﬁFg&P’%%ch"é%/@P‘%? H%¢%68P?a§h?% e ?QFE‘?%}J B the
waf er/ pad i@ltegé Lackntibhe interfacial conditions can be characterized as: 20
contact, hydroplaning and nmi xed node. In the contact node shown in Fig. 1A
the asperities @b phpafise agl/apolistcts sudadeaif tipawafor, thwab#fer ip ardet agaipst the
mechanically interact. Usually, the real contact area is nuch spaller than
the nomi nal palishingmadavidsan FPlSt PresstHep of RapPlWIEGAies ShaaTHe SHRCaas at

the cont'act _spots..ln the,cont - 1. L[ | i { i

di sconﬁt nuo%gl%gﬁlds Hg’l%aﬁla rﬂl;ﬁ%@gﬁgﬁ epégleagga}(felgg?%%ﬁ%ﬁgﬁl Irﬁ%g{e{h;éggr%% (gghién t he
fluid film gar®sthé Refdisapgicaly Iﬁfatéd?Qnd@%%ﬁ/llioﬂﬁngpmnﬁwesfehﬁerﬂmémy of 1nayl.

This type of contact node occurs in the practice when the relative

vel ocity i srdtgwaswetlhsuch gmptheahfprraidlonperiense Argjafivesiclnedy ax t Mhgais Wefef or ce
ERETRTAR T S ST
slurry at the wafer/pad interface, the interfacial conditions can be characterized as:
20 contact, hydroplaning and mixed mode. In the contact mode shown in Fig. 1A, the
asperities of opposing surfaces, wafer/pad or wafer/particle, mechanically interact.
Usually, the real contact area is much smaller than the nominal surface area. Plastic
deformation occurs on both surfaces at the contact spots. In the contact mode, the
intervening fluid film is discontinuous and no significant pressure gradient will be formed
25 in the fluid film across the diameter of the wafer to support the normal load. This type
of contact mode occurs in the CMP practice when the relative velocity is low or the
applied pressure is high. Since a tangential force is required to shear the surface
asperities, the friction coefficient is relatively higher than that of the other two modes.
" In the contact mode the friction coefficient is generally in the range of about 0.1 or
30 greater.
In contrast, when the velocity is sufficiently high or the applied pressure is

relatively low, the wafer will glide on a fluid film without directly touching the pad. This



In the contact node the friction coefficient is generally in the range of
about 0.1 or 30 greater. In contrast, when the velocity is sufficiently

hi gh or tWwe @apdded pressure is relatively |ow, the waferpcwddorghizde on a
fluid filmwthout directly touching thegpad. This WO 02/09907

PCT/ US01/ 24170 -9 is the hydropl ani ng mgde and is illustrated in Fig. I C
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result in assphdrt theaviiallioaa:d ihe wilel sphanbegotsddert eheanedshrd disdinglioedryy and
the normal pressure 10 requirenents are satisfied. As a transition from
the contact seesitéva to thhrwafey avtankl anglengh sliehs changs ofibectitagh aeslesinsteady: sy when

the velocity,is increased or the pressure reduced...ln.this m xed. reqi
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surfacd0 Theeduitententrert satsied.s t he wei ghted sum of the force necessary to
deformthe surface asper t he vvaf(?r/ a nd vvafer/Barti cle

jties at
contacts, and tha%safﬁr%tﬂ‘?efr%gﬁrc%ﬁaatrﬁ% 3PS Rlapprgmefe.fhe mgdmode; i on
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0.1. The inventors have foun that as t Iction coefficient va by
one to two GhowhsnBik. 1M telckitydsmeithet High &dudh héehe ptesaoaloacinonplteduilihe
friction coefficient can be used as an jndicator of the wafer/pad contact

condi ti ons. updhickileid laverdoamppeiterormahlopd Tt Wil mpdtinsemelrentpridsten
constant kP e by hépehifle] SR BE warlali i IRE'RRRGR RIN b GARIYY blhn bPfhe
e, “an In € m Xed node

~hydr opl ani ng I's not sati'stactory due to the
| arge vari atfoRye Wcedshry: to@dBAN thé SulffRCRHEHiestdIahP Wes@/Hadi dhdewifetparible

provi des for carrying out the CVMP process in the contact node to Increase
t he mat er i alcontagispandthat4iom the sheps of thefviseeusslurphalnpafha frictiprecaeficigit st bes | s
carried out ’m&gg mr;r)%ie r}g gciel{za%\eﬂly in the range of about 0.01 and 0.1. The inventors have found
that as the friction coefficient varies by one to two orders of magnitude among the
20 different contact modes, the friction coefficient can be used as an indicator of the
wafer/pad contact conditions. ’
The friction coefficient can be correlated to the Preston constant &, . It is indicated
that k, decreases significantly in the hydroplaning mode, and is not satisfactory in the
mixed mode due to the large variation of k,. Given this teaching, the present invention
25 provides for carrying out the CMP process in the contact mode to increase the material
removal rate at the surface of the wafer. The CMP process is carried out, and maintained
substantially throughout, in the contact mode by operating at high k&, regimes. In one
embodiment, to carry out the CMP process in the contact mode, the method of the present
invention provides for maximizing the product of the applied pressure and the relative
30 velocity pvp . A range of pressures and velocities are suitable according to the present

invention. In particular, the applied pressure p is in the range of about 14 to 70 kPa, and

more preferably in the range of about 14 to 57 kPa. The relative velocity v is in the



substantially throughout, in the contact node by operating at high kp
reginmes. In one enbodinent, to carry out the CMP process in the contact
node, thewigei2odh70f the present invention provides for na»(jm@mgnbhe
product of the applied pressure and the reI ative 30 velocity pvR . A range
of pressures and velocities are sui table1 accordi ng to the present

[ tion. | t , | j ed f about
14" to 70 keenebatroobh 85 1n 0TRANRA Franesrhge b asoat fout 3969 9mA e
relative velocit oﬁ?tﬂe?uﬁ rithed NP0 290 65 ﬁ%éﬁ%&%ég%ﬂe?@e ref@pa A8 enof
about 0.05 to 4. S, nore preferably 1n the range of about 0.4.to 2.0

ms. To fuPidseh equadimnsEqnd).t ke rrmcdmhresnmwaf rateh((MRBm tletm‘tedrfengn eEperimgentef er
again to the Preston equation, The. mat er renoval rate (MRR)
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experl ment a a an Seé obtal ned omthe literature appar ent

that the d?bmtsag ﬂle\}?kéiﬁir)ycoﬁﬁtahit arnedarige sauseintiedadiesrypstdwisnta tedRrestds  not
in contact for the jority of the pvR values. Thus, to better deli neate
the ef fect mns@mmsa@deeé Biionstents Fig Reshaws Aaidt eEde Rasian enstapiotesWaPva st e,

NVRR, d the Pres on cons nst
20 a d ns rPiFSCBaWﬁEWSP fﬁﬁ?gn@}]heorsg Ogi? %Eaﬁlléﬁlve i listg%éulr .Altqggmégengﬁﬁk ry.
NVRR i s t hetfchikRRSsidely S¥Rit@ed decdiBeBueraRPpad Ritdrfzde 5§ ABCH ntade forQhe
NIRR/VR It is apparent now that the NVRR and the Preston constant does not

depend on t hejapplbf thed pyr svbigse and the velocity Wnen rivR/ip is small.
i bout 0.2x10-6, MP t 48
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removal rate, NMRR, and the Preston constant, &, is plotted in Figs. 4A and 4B against

20 a dimensional parameter 7vy/p where 7 is the viscosity of the slurry. NMRR is the
thickness of material removed per unit distance slide, or MRR/v;, .It is apparent now that
the NMRR and the Preston constant does not depend on the applied pressure and the
velocity when 7vy/p is small. It is about 0.2x10-6 MPa-! at 14 kPa and 0.1x10-6 MPa-1
at 48 kPa. The Preston “constant” stays high at low nvy/p , i.e., in the contact mode, and

25 drops down after the critical value, denoted as (7vz/p).. The experimental results show
that the transition occurs around the same (7vy/p), for both pressures. This implies that
the Preston constant is independent of pressure and velocity when the wafer/pad interface
is in the contact mode. After the transition point, the Preston constant decreases as vy is
increased or p decreased. It is also apparent from that the Preston constant shows the

30 same trend as that of friction coefficient (shown in Fig. 5), and the transition in kp occurs

at about the same values of 7v,/p . In the transition regime, the Preston constant is not



25 drops down after the critical value, denoted as (rlvR/ p)C. The
experinmental results show that the transition occurs around the sane

(rl vR/ p) GMoan/deegzh pressures. This inplies that the Prestpgroeigiant is
i ndependent of pressure and velocity vvheglthe waf er/pad interface is in
0

the contact node. After, the transition point, the Preston constant
decreases as VR i s |ncreased or p.decreased, }c is also a}ogqrent fromthat
the Preston le@ﬁﬁ%ﬂogﬁféﬁ%lfﬁt%’é@bmﬁ&n@lstﬁoéﬂ‘élthé% 7 YP&eS 8Y (7Pp/PLt igblftkPa and
coefficient (shown 6%2 and the transition in kp occurs at about
the sane valaégvGy M%‘Pamﬁhfﬁ%e@ﬁ%gﬁl on regi me, the Preston constant
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different Preston constant. A cros | ot of the Preston constant versus

f r i ction coehfiniiabreaciion stoomnmass tFngter om @emf@ supace: rléwwer,dhe p@taﬁm

i icti on codhfoarint i Be dhefy %3{?@1@%&3 e FaRhst REFL A e on

i's al most 1. 20:d0WEMGEL mbikSis BkE&iN 0o Gavsh ﬁﬁfer@fﬁ@’f@stdrﬁ&ﬁlsﬁﬁtr r elation wth
friction coefficient wwth an 1increase of rlvR/p in the m xed node. Fig. 4B

further enphasi zeA ctdseploaof tht Posstanrcon$tent veesue fiictionrceeffigisnt isshewsn Wi Kip. 6.
di fferent contact nodes. Thus,. cont re%\g/ tot rlor art

convent i onal BEEEERE RSILQNROE, k13 E’EIH?“&O B‘tedt“tcﬁlﬁytﬁﬁ g’r‘?ﬁo&ﬁf’n%@gr t he

different  ,,4 friction coefficient are positively correlated; the correlation coefficient is almost 1.
20 However, the Preston constant shows less correlation with friction coefficient with an
increase of mvp/p in the mixed mode. Fig. 4B further emphasizes the variation in the
material removal rates with different contact modes. Thus, contrary to the prior art and
the conventional teachings, the Preston constant is not truly constant over the different
contact regimes.

25 Of particular advantage, the method of the present invention émploys the effects
of the parameter 7vy/p on the friction coefficient and the Preston constant to promote
increased material removal in the CMP process. For a certain slurry viscosity, the
different wafer/pad contact regimes are delineated in the vz-p space as shown in Fig. 7.
Corresponding to the point (7vy/p). for transition from the contact mode to the mixed

30 mode (see Fig. 5), a line L, with the slope (7vz/p). is drawn in Fig. 7 Ito represent the

transition points for different pressures and velocities. Theregionboundedby L, and the



contact regines. 25 O particular advantage, the nethod of the present

i nvention enploys the effects of the paranmeter )7vR/p on the friction
coef fi ci ewto @uded7sne Preston constant to pronote i ncreaseddraiwlihsdror enoval
in the CMP process. For a certain slurry,viscosity, the different

waf er/ pad contact reginmes are delineated in the vR p space as shown in Fig.

7. Corresponding to the point (1|VR. 0 Rsitd o fr.o act
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i's drawn i nehident thé BahER6EESMthe hxed hadsiotthe Ry@epRhmgimédeds GfLieMhe
pressures and velocities. The regi on bounded by L, and the WO 02/ 09907
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represents node. According to the present Tnvention,” 5 the CW
process is gakisiedig0Ut Th partivelar; ditraethodrofihe present inhentioe pronddsdoncied/itg L,
and the p-axis in Fig. 7. In particular, the nethod of the present

i nvention pewvheieYE procesracsordgs tothe foHeWmgreqyatiiiss according to the
follow ng equation: vRIp= Cl/h (1 where VR is the relative vel ocity, of
t he polishing pad and the wafr, p/ﬁls the pressure 10 applied to tr(i)

wafer, and %periesv TR gélgr@\;eh%f@&t | 6F the bgigsﬁlgn%ﬂa& Q&%%W%él iQ%nd &%%ﬁﬁlée

pol i shing interféce an chi ne desi gn, I's the visc ty o

sl urryjys edagipﬂ‘ie& RethRavifes hd@ C, is@\iBnpaMaRaSs rdlited fethe xasmetey of the belighigs ent
invention, C is in the range of about: 1x10-' to 1x106 nmeters. In the

preferred ejibaticeand machinaddsigh,amdtzpisithe visessitypfithesiMRRus¢dia the partinular 15
i nvention provides for reduci n% t he wit hin-waf er _non-unifor nt]ﬁéy (W\N\_lp).
The WWNU C¥R precessgheencsrample of themsistiyveption e 1§ iyas @ngg ofpdpw: i13f Vacr oss
t he surface toﬁlxgﬁg v¥afer. Referring again to Eq. (1), the pvR product

shoul d be as a{lsleﬁf)SSsi ble to increase the MRR i.e., the highest

vel ocity avai | ablfiHeSpRigfar abdirnent! headdifiéaed idcegiking thé MRR, (Heviirosent
pressure, and vice versa. This suggests that the preferred processiﬁg 20
¢

condi t 1%ns Bventia areddesnfor edyding thel withbweatar noa-wipampy SR Weqlhe es a
S0y AL A SRR B S AR e B ., o
the machi neyafght RERSHAS addin kArEE (1), Wed PR hRAECtHRould be as high as possible to
increase the MRR, i.e., the highest velocity available is preferable in the contact regime
for a given pressure, and vice versa. This suggests that the preferred processing
20 conditions are located on the line L;. However, a high pressure requires a sturdy machine
structure, which generally sets an upper limit for the applicable pressure. Further, at a
high pressure even a small vibration of the machine might result in large fluctuations on
the normal load and friction force at the wafer/pad contact interface, and thus increase the
WIWNU. These considerations suggest that the pressure increase cannot be unlimited.
25 Similarly, extremely high velocities are not desirable because it is difficult to retain the
fluid slurry on the platen at high velocities.

The inventors have discovered that an even a more important consideration for the
process parameters of pressure and velocity is that of heat generation. The rate of
thermal energy generation due to friction, P, can be expressed as

30 P = wrpv )

Thus, the higher the value of the product pyy is, the greater the amount of heat



the normal load and friction force at the wafer/pad contact interface, and
thus increase the WWU. These considerations suggest that the pressure
i ncrease g@@boe unlimted. 25 Simlarly, extrenely highciaiwshiies are
not desirable because it is difficult tojyetain the fluid slurry on the
pl aten at high velocities. The inventors have discovered that an even a
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hyper bol a i nfBicbacking filn ddphepat, nadithercoobsssystmdof the hegdmnd the plRenmdfiebe
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head and the : [ =W | chEn e Bixel 888 ny BOBMRMIARBIENGS ease
t he const ant %;231 a}tétﬁg”2?pﬁ1gﬁéﬂ%‘ﬁ%{ea;@g§ﬁdﬁr%§ésﬁgr reel(gl1 Xp?r oces§s condi tli ons will

change basedoooptihamgesreasons bited/adrlier. if sho@d.beAmdGatodd tlmt thecpesiad ;W 14t

addi ti onal cooling neans such as external coo]i a_hi gher,. ..
fixed, angd that appropriate external coolglg may be El%t'alled 1@1 t%e polishing head and

the platen to improve the efficiency of heat removal and increase the constant C, and
20 thus the exact preferred process conditions will change based on changes in the value of
C,. As C,*isincreased with additional cooling means such as external cooling, a higher
MRR can be achieved by increasing the p*vR* product.  Further, for other practical
reasons (such as mechanical vibration, slurry retainment, and the like.), the actual most
preferred pressure and velocity values can be somewhat different from p * and v, *
25 however, such actual most preferred values can be determined with routine
experimentation based on the teaching of the present invention. For example, using
friction force measurements during the. CMP process and applying Eq. (2), one can
characterize the contact regime, and then identify the transition point from contact mode
to mixed mode, and determine the most preferred pressures and velocities for the
30 particular CMP machine.

Thus, in another embodiment of the present invention, a method of chemical



MRR can be achieved by increasing the p vR* product. Further, for other
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limit whicHhEoweerlEmHE: 1&Sﬁl§cf§5ﬁvq1\§&atﬁh%?§wpéaﬂgﬁal5? P’é]tt 936%?%?6?%

paranet er s gﬁ%fc'f_ld%ggtq% %%%g f%t e?c@eecf) e{b%fu??@me e?_lstlalggr d@pearndlrhépeg) %@rabﬁl
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and is thus m no way limited by the followmg example, and C, can be determined based
on the teaching herein.

It is assumed that a portion of the frictional heat, @Q, is transferred into the pad,

20 where o is the fraction (0 <a<I) and Q is the total energy generated (Q = P-¢, where ¢ .
is the total CMP process time). Additionally, the pad is assumed to be adiabatic, i.e. all
heat transferred into the pad will be stored in the pad and increases the temperature

without dissipating into environment. This is a “worse case” estimation. It can be

further assumed that the temperature raise, AT, is uniform in the pad and is given by

25 a Q= mCAT @

where m is the mass of the pad, and C is the specific heat of the pad.
Combined with Eq. (2), the constant C, in Eq (3) to define the maximum pv,
product in one example can be determined as:
30 C, = mCAT ©)

aurr,’t




is the total CWP process tine). Additionally, the pad is assuned to be
adi abatic, i.e. all heat transferred into the pad wll be stored in the
pad and iwg@asas the tenperature w thout dissipating intpeTarRoporgent .
This is a "worse case" estimation. It cap.be further assuned that the
tenperature raise, AT, is uniformin the pad and is given by 25 a Q= nCzT

(4) where mis the mass of the dClstheseC| i ¢ heat t he pad.
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product, is about 27 WnR. Thus, in summary, Cl is used to determ ne the
maxi mum kp aWéFn%R/p rati o which provides for carrying out the process in
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WWNWU at a desired low | evel. I'n another aspect of the present invention,
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process in the contact As. descri bed the fricti on i ent
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nodes. Gener gl l&ésuédh@ fiedgtion coefficient for contact node will be in the
range of about .1 or greater; for the m xed node in the range of about
0.01 to 0.1, and Ifncanotﬁllaxeaspmxdf tbxdy:naaiminmmden,ithe frivtion eoafEcieht ishnsaturd] d 1 to

0.01. According to_ th t t t hi d t
be. el oyed ISR foRapien o eMEA Pegrat 1o onta e MFERFSd e Mrace
during the QW {?ﬁ Q%e?ﬁ@ientl JLHQ%% ofitbPvo labElrh Qithfles' AorRE BfMeRlht UBalte

nmeasur ed di rec sensin Int stem and/or the torque.
Tor que 15 modes. Generally, the friction coefficient for contact mode will be in the range of about

0.1 or greater; for the mixed mode in the range of about 0.01 to 0.1, and for the
hydrodynamic mode in the range of about 0.001 to 0.01. According to the present
invention, this wide range in friction may be employed to monitor the contact conditions
at the wafer/pad interface during the CMP process. In particular, friction in the system

20 may be measured directly by sensing the load in the system and/or the torque. Torque
sensors may be installed to measure the torque on the motor that rotates the wafer carrier
head. Alternatively, or additionally, torque sensors may be installed to measure the
torque on the motor that rotates the platen. Further, load sensors may be installed,
preferably on the wafer carrier, to measure the load in the system. Preferably, the load

25 sensors are installed to measure the frictional forces in two orthogonal directions on the
plane in parallel with the pad surface. Measurements. from these sensors are then
processed to provide the friction coefﬁc.ient using conventional means. To maintain the
process in the contact mode, a controller may be used which adjusts the relative velocity
and/or applied pressure responsive to the torque and load sensor measurements.

30  Experimental

The following experiments have been conducted. These experiments are provided



sensors may be installed to neasure the torque on the notor that rotates
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layer and 1 pm PVD Cu on the top were used as test wafers. The density and hardness
20 of the coating materials are listed in Table 1. A neutral slurry (pH = 7) with AL, O,
abrasive particles was used. The viscosity of the slurry was about 0.03 Pa. Additional

properties are shown below in Table 2.

Table 1 Density and Hardness of Experimental Materials

25 Material Density (kg/m3) Hardness (MPa)
Cu 8,920 1,220 50
TiN 5,430 17,640 +1,235
Si 2,420 8,776 £570
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A commercial composite pad (Rodel IC1400) was employed in the polishing
experiments. The pad comprised a micro porous polyurethane top layer (Rodel IC1000)

10 and a high-density urethane foam as underlayer. The room temperature elastic moduli of
the top pad and the composite pad were about 500 MPa and 60 MPa, respectively.
Further details of the pad are listed in Table 3.

Table 3 Pad Properties
15 Pad Rodel IC1400 (k-grooving)
Material Polyuréthane
Thickness (mm) 2.61 (1.27%)
Density (kg/m3) 750*
Hardness 57 shore D*
20 Pore Size (pm) 20-60 (isolated)*
Groove Pattern 250 pm wide, 375 pm deep with a 1.5
mm pitch, concentric
* Top pad (IC1000)
25 Table 4 lists the experimental conditions employed in this study:



25 Table 4

02/ 09907 PCT/ US01/ 24170
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observed in a scanning electron microscope (SEM) to characterize the post-CMP pad

15

topography and surface scratches on wafers.

The effects of process parameters on the material removal rate, and the relations

between the friction coefficient and Preston constant are examined. The results show that

Preston constant is inde}l)endent of the pressure and velocity only in the contact regime.

- Moreover, the high correlation between the friction coefficient and Preston constant in the

20

25

30

contact mode allows the use of monitoring the friction coefficient in-sifu to monitor the

material removal rate during the CMP process. Asillustrated, the MRR is increased when

operating in the contact mode as provided by the present invention.

The foregoing description of specific embodiments and examples of the invention

have been presented for the purpose of illustration and description, and although the

invention has been illustrated by certain

of the preceding examples, it is not to be

construed as being limited thereby. They are not intended to be exhaustive or to limit the

invention to the precise forms disclosed, and obviously many modifications,

embodiments, and variations are possible in light of the above teaching. It is intended

that the scope of the invention eﬁcompass the generic area as herein disclosed, and by the

claims appended hereto and their equivalents.



WO 02/ 09907 PCT/ US01/24170 -19 CLAIM5S W Caim 1. A nethod of chem cal
nmechani cal polishing a surface of a wafer with a 5 polishing pad,

conpri si ngyd Paesdzeps of: rotating any one or both of the petsmpg7pad and
the wafer at a relative velocity VR angyurging the wafer and pad agai nst
each other at an applied pressure p, wherein the values ofp and vRare such
that the interface between the pad angt 10 wafer are in the contact
node. 2. The nethod of claim 1 further conprising: neasuring the frictional
forces generated by the pad and wafer during the polishing. 15 3. The

met hod of claim 2 further conprising: determning the friction coefficient
fromsaid frWellmm: reasurenent; and controlling the values ofp and VR to

maintain the friction coefficient at.a val ue,of,. .about 0.1 or areater. 20

T The' et hod of Tl af i Sepdascemaiat et BiuGy ByisrBRh bucthis® o2 sV Bt 14

to 70 kPa. : ; [ lerein the value of pis in the range
P ?roggllﬂ?% r{%%lhﬁ%%&fsn@ Bk Reps YA

of about 14 6.” The nethod of claim1l wherein the value of VR
is in the range abtatihguty o1tk @Dottoofthe potishingad7andThe water hoareddtivelvalogity
wherein the value of VRis in the range of about 0.4 to 2.0 nis. WD

02/ 09907 PCPRUSH1/ 24170 -20 8. The nethod of claim 1 wherein the val ues

of p and VR are el aet 3k el HaledIRRl (ARNAALE BLAGRALL BT N0 of Lhe

waf er does not exc
wherein the values of p and vy are such that the interface between the pad and the

10 wafer are in the contact mode.

2. The method of claim 1 further comprising:

measuring the frictional forces generated by the pad and wafer during the

polishing.
15
3. The method of claim 2 further comprising:
determining the friction coefficient from said friction measurement; and
controlling the values of p and vy to maintain the friction coefficient at a value of
about 0.1 or greater.
20
4. The method of claim 1 wherein the value of p is in the range of about 14
to 70 kPa.
5. The method of claim 1 wherein the value of p is in the range of about 14

25 to 57 kPa.

6. The method of claim 1 wherein the value of v; is in the range of about
0.05 to 4.0 m/s.
30 7. The method of claim 1 wherein the value of v is in the range of about 0.4

to 2.0 m/s.



9. The nethod of claim1l wherein the values ofp and VR are sel ected such 5
t hat heat generated during polishing of the wafer does not exceed about 5
degrees Kwo ob@99os net hod of chem cal mechani cal poli shi ng prsuRoiaeeEo of a
wafer with a polishing pad and a slur[y(ﬁ; a polishing interface in a CW
machi ne, conprising the steps of. 10 ré%ating any one or both of the

| i shi d th f : el ati .vel it VR d i t
Pt er and bad aghi net e afoidin S Bedahidathind 31 Sre e lRAhal , 1 e
val ues of p ﬁ{é@hé’a{?g@ﬁ’érhéé ﬁuﬁﬁfpél@hﬁ hitHe Lk b& ot eReec¥Bobit 10 de hégs k7 (1)

15 where C, 1s a constant and i1s a tunction of the geonetry of

polishing interface and the design of the CMP machine and 17 is the

viscosity of the slurry; such that the interface between the pad and the
wafer are in the cont FnﬁHRQOf@%nl#WQqﬁﬂﬁﬁdmngeféi f@aﬁﬁﬁﬁﬁF sachi s jn

the r ange Oiha?ggﬂt :er}@éét?:% Igl%xtlrgﬁ %§IQSth#e§<?igtRé gza?&&l%%o%%xce@ﬁ%b?ﬁ%@ & I@l aim 10

further conprisin riction co i clent asuring the
frictional forces between the wafer and the pad; and 25 controlling the

values ofp and VR to naintain the friction coefficient at a value of about
0.1 or greater. 18. THemgoHed chémisehngeirpioaghpelishmgtehauniags gba ofafey wihan the

f ab 14 to 70 kPa. 30 14.. 7Th hod im.10 wher ei h
valtie of p paniniy gl s adBy dipettisn i hrobeny icntian A bI° ¢
57 kPa. 15. Iheofret hod of claim 10 wherein the value of VRis in the range

of about 0.05 to 4.0 nis. 5 16. The nethod of claim 10 wherein the val ue
of VR 18 in the ranges afy aleautbotiOofthe polshingwas. and the wafer at a relative velocity

vg; and
urging the wafer and pad against each other at an applied pressure p,
and wherein the values of p and vy satisfy the following relationship:
vrip =C;/ 7 (D
15 where C,is a constant and is a function of the geometry of the polishing interface and
the design of the CMP machine and 7 is the viscosity of the slurry;

such that the interface between the pad and the wafer are in the contact mode.

11.  The method of claim 10 wherein C, is in the range of about 1x107 to

20 1x10°® meters

12.  The method of claim 10 further comprising:
determining the friction coefficient from measuring the frictional forces between
the wafer and the pad; and
25 controlling the values of p and vy to maintain the friction coefficient at a value of

about 0.1 or greater.

13.  Themethod of claim 10 wherein the value of p is in the range of about 14
to 70 kPa.
30

14.  The method of claim 10 wherein the value of p is in the range of about 14



17. A method of chem cal nechanical polishing a surface of a wafer with a
10 CGWP machi ne including a polishing pad and a slurry, conprising the steps

of . rot alvig@asy one or both of the polishing pad and thedyai®liatoea
relative velocity VR and urging the wajger and pad against each other at
an applied pressure p, and wherein the values ofp and vR satisfy the

fol |l ow ng r%lﬁz' nship: 15 vR/'p =C/Ir/ where C, is a constant and is a
function of Ik8%'onetry of the polishing interface and the design of the
CVWP machine and 77 is the viscosity of the slurry; and vVRp _< C2 (3) where
VR andp are as defined above and C2 is selected such that heat generation
fromthe 20 wafdb/ padilientethbdobcldioei0 whereaxdeadlugioduz 19D tke rapge ofabmxt hod
of chem cal chanj cal polishing a surface of a wafer with a polishing
pad, conpriéﬂ%ﬁ”fﬂéng%eps of : rotating any one or both of the polishing pad
and theswafer at a relative velocity 25 VR wurging the wafer and pad

agai nst each other at an applied pressure p, neasuring the frictional
forces generat ed gy thehepacthaddf glaineiO diberengthehveluepdivy shimthe raet @f abautng
the friction coefficient fromsaid friction nmeasurenent; and 30 controlling
the val ues $¥$Htah8DVR to namintain the friction coefficient at a value of
about 0.1 or greater during polishing.

17. A method of chemical mechanical polishing a surface of a wafer with a
10 CMP machine including a polishing pad and a slurry, comprising the steps of:
rotating any one or both of the polishing pad and the wafer at a relative velocity
vg; and
urging the wafer and pad against each other at an applied pressure p,
and wherein the values of p and vy saﬁsfy the following relationship:
15 wip =C,/n
where C, is a constant and is a function of the geometry of the polishing interface and
the design of the CMP machine and 7 is the viscosity of the slurry; and
vgp < C, 3)
where v, and p are as defined above and C, is selected such that heat generation from the

20 wafer/pad interface does not exceed about 10 K.

18. A method of chemical mechanical polishing a surface of a wafer with a
polishing pad, comprising the steps of:

rotating any one or both of the polishing pad and the wafer at a relative velocity

25 Vs
urging the wafer and pad against each other at an applied pressure p,
measuring the frictional forces generated by the pad and wafer during the
polishing; ' |
determining the friction coefficient from said friction measurement; and
30 controlling the values of p and vy to maintain the friction coefficient at a value of

about 0.1 or greater during polishing.



