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This invention relates generally to the field of chem cal nechani cal
polishing 5 (CMP) of sem conductor wafers or substrates. More
specifically, the invention relates to a nmethod of chem cal nechani cal
polishing of sem conductor wafers or substrates. BACKGROUNDY QFAN RS

| NVENTI ON The ever-increasi ng demand for hi gh-performance m croel ectronic
devi ces has notivated the sem conductor industry to design and manufacture
Utra-Large-Scale 10 Integrated (ULSI) circuits with snmaller feature size,
hi gher resol ution, denser packing, and nulti-layer interconnects. The ULSI
technol ogy pl aces stringent demands on gl obal planarity on multiple

| 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
processes for planarizing inter-level dielectric layers, which are nost
often silicon dioxide 1(’[1?‘1 (ﬁ@,ﬁm MEGSANST AT OPOL $SRING

pl anari zation, CMP is SO crltlca to many energing process technol ogi es,
such as the polishing of copper (Cu) damascene patterns, |owKk
dielectrics, and shallow trench |solat|on - ctures (Landis et a
1992; Peters, 1998). The wi de rarigH [ELDOR be pol i shed 20
concurrently or seq # HR4P
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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 (8i0,). 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 (STT)

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 prooess fundamentals for optimal process design and
control.

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 nmany works Ehsat t he
above relation is also valid for netals {Steigerwald et al. 3 119@*1,00
Stavreva et al., 1995 and 1997) and ceram cs (Nakanura et al., 1985;

Komanduri et ahe applié®pressufsandxid relativé helscity(Prestons 19273l ThePrestesaputitiemapav e
attenpted to study the material renoval nechanisnms 10 during the CWP
process, and $&VEHEN 3esearchers have proposed particle abrasion (Brown et
al.,1981; Liu et al., 1996) and pad asperity contact nodels (Yu et al.,
1993) to elucidate the mechanical aspegts of the CWMP process. Assum ng
that wafer/abrasive or wafer/pad is ir2cokipgt, the applied stress field
near the wafer surface results in el astdfc-pfastic deformation of the
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supported by préporiigmilitg yeseaichespgrays sitterepted to udy ithecmaterigl iemoyalf iechaniting
polishing rate is determ ned by the convegtive mass tyanspor.t of e

cheni cal %Qpeci%?g&ﬁéﬁﬂgprq‘fﬁise %W%Wﬁﬁcﬁ?ﬁﬁﬁvpﬁ%ﬁ%‘{ﬁ%‘ﬁ“‘?ﬁ?ﬁ P¥Ror
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the contact condition at the wafer/pad interface is inportant to process
char act er i zat ithemectodishl asgectaoithofMBprectss. ohssumiigibetorafer/abramiveorwasérdpads no

licit t hqdol in. th it ' f.er- |
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curvat ur 65 appin the ch@n@allmgekmnizon 1 theprocsse (Coak, 31930 &np et aloi 1998). Logk Ayst
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the . 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 explicit methodology in the CMP literature to characterize
wafer-scale interfacial conditions- W1th 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
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UMMARY 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 poh'shing pad. Hydroplaning at the interface is not
a stable process mode in terms of the gimbaling point location, wafer curver.ture, and

30 fluctuations in slury 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




a stable process node in terns of the ginbaling point |ocation, wafer
curvature, XYRI%BYWMT uctuations in slurry flow Accordingl y,@ﬁi‘ﬁﬁ%ﬁﬁt ant
i ssue in CMP process.design is to sel ect-éprocess paraneters I'ht ai n
the process in the stable contact regine. Further, the inventors have
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derivation as desch gBaraba ethod of chemagalmechanical pRlghing asheaseiP WakYEEh cal

polishing a syr f : ;1\ : l.shl . | '
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node. | n anot gﬁp ' ' h&ichod of chem cal
mechani cal p%‘?@%ﬁﬁgﬁ?ﬁfﬁ%@?&@g e%fgﬂﬁg{#gﬁplg\%&ng equation is
satisfied: VR p= Cld Zrothdr) aspddd ofities prevdnt iisvehtien, raeimathod eof\chkmicat yneclianidae
polishing pad and the wafer, p is the pressure . appljed to the wafer, and
Cl is a const BHshingis pravided where thedoloyang gapasiopys Histise pol i shing

I nterface and nmachi ne design, and i isB&hem \l/ﬁ:scosity of the slurry us&sj I n
the particular CM process, as descri g7 ’t/ﬁer below. In a further
aspect ofgtheypeRSents me\faaﬁ\»e%lo&tyr&fttﬁ@ﬁblgﬁngﬁm&althmsﬁa,ps fadhe prbSsure
polishing is provi ded wherein the interfacial friction coeffici enP IS

moni t or ed dur epgliedie theGhEfep ant €5is atconstenthatisrelated to thegebmetry o€ thepetishing

waf er and the_pad in the contact node,, and preferably to intain the CWP
process at t hinteriaseand gepchingdssiehdng 4115 ths Wecositygf theéﬁlaﬂﬁsgg lm@f‘f melawaﬁr

chem cal nmecharigal. pol | shi f a wafer with a polishing pad is
provi ded com%ﬁﬁoc?%éas:&%%gb%f@%%%g@%g any one or both ofthe polishing
pad and 20 the waf @ adtrtier’ s8padtiof ehevgresent inventiin, dmyitixgl éfvhenidab meelntiqadd
agai nst each other at an__applied pre rep;. measuring the frictional
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t he val ues of %%?r’méb%f%?%mﬁ‘g‘%gﬁ@?’#e“%“@??@g coé |CF8%‘?)’B§?G aﬁf\/ag Iﬁe of
about 0.1 or afyd priferablstus ntaghtgia khesOMPprodtss BthdpreRinsAiap erhtindpLrEmaleks. For
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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 v, 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. 2isa gfaph showing the effect of the energy flux on Cu removal rate,
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t he di nensi onal paraneter on the normalized Cu renoval rate. Fig. 4B
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i nvention. DETA| LED DESCRI PTI ON OF THE | NVENTI ON The fol | owi ng

nomencl at ure i9eHEER hr oughout the description of the present invention

and is defined as: dﬂsg ‘?Hﬁ?étﬁ&-sqﬂ@%l%&h m/fh!}mtio‘i &t bldssufebfd a{ov&%?@}ed

energy generation riction p normal pressure on wafer” (N n2) P
* = optind ngranahetes i iy t(el\dblnﬁ):d aqa:prdaﬂgto:ommsp@hcﬁbe bresemt anventigp.ven
point on the wafer and th d. (m 20 VR * =
optimal relative vel oci tyle-) E = Qé%mt chal; ve velocity

(n's) r/ viscosityrf folildGisy Mrhehclal@e )s hebd Thfeahulthd ddseripgtRR SFQRE bidskmnt

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?)
pF = optimal normal pressure (N/m?)
L = 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 slurry (Pa-s)
H = Coulomb friction coefficient
Fa M Ky = friction coefficients »
25 £ = thickness of the material removed on wafer surface ()
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
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polish the SUEI.‘% \frenttlﬁﬁ waf er, the wafer is urged against the polishing

pad with an a pressure p. The polishing pad has an abrasive surface
and 15 a slurry |§“otgtzmam¢hqd/q:rlpahsidhesurf&eoﬁfhdmﬁerahdwafcrIsatrﬁda@hmseﬁmval

fromthe surface qof the fer. The wafer js t cal | rot t he
pol i shi ng padp%%%gﬁarq a??ﬂ?@ﬁ&?ﬂ?s%‘f‘“ ’bh R‘%lf]l?n‘f’%p ra§’lYEﬁ #5008 he
waf er w ex drﬁ“i% VR relidtR A fhe o gd
agai nst ?%e p%l I shHin 31 %@aﬁ%dege?ﬂvﬁﬁ$ glrtli\{ﬁmaervenl ngalflﬁl glhcl gffg?é@tftﬁe

pol i shing sl owafgr. amem&rwﬂmpdlbadtatadt mdfthchhShhignadtI@Nmﬂlathnmdﬁmmms
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cont act node SHBWEESWS F?qj’ tl}alg\ vwgcr wi yd Lt | 9enz|1 e u%ggcimué(evi Iwgen the Wa er
is pressed against the polishing pad and slid with an intervening fluid layer, the polishing

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
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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 &, . Itis indicated

that &, 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 préssure p isin 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
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drawn through the daug to betten tislineatelthieeficess PataciVoalitiohs, tHnnaligd nkreidler
in the data clearly shows that the Preston constant is_indeed not

const ant. Fi g.remov# site, NAMBRoendsthe Prastopcenstan, ko isqiettnd in Eigsudsy ord 41 pgainst
20 a dimensional parameter mv,/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 nvp/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/ , i.e., in the contact mode, and
25 drops down after the critical value, denoted as (7vy/p).. The experimental results show
that the transition occurs around the same (7jvz/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 7vy/p . In the transition regime, the Preston constant is not
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pressure and/or v city ter I'n Preston eqdation (Luo et al
and 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 nvp/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 vx-p space as shown in Fig. 7.
Corresponding to the point (7v/p). for transition from the contact mode to the mixed

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

transition points for different pressures and velocities. TheregionboundedbyL, and the
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of the polishin
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=pmrlpv, @
Thus, the higher the value of the product pvw; is, the greater the amount of heat
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generation. The rate of t er%ener generation due to friction, P, ~can
be expressed a@pgﬁaﬁf’p—"’"/ ]?fogl‘\"t'r \‘}??e(r%lm{g@ﬁﬁ%&g?lheéat}'uo:ﬁd%sec?a‘ct%vé Ve WBOSCat e
product pVR i Sgabb@td 8t pehdicths Metcid fridtioa bodfient 8 818 thdrfadl ddn@idRity0
generation. Based on experinents conducted by the inventors, the typical

val ue of heat ofgembackingdHny anddhe pad, andithe cepting;syptemad tehegdhand the plate dbeat
48 kPa normal pressure ai a 0CJ i- bout 80 W The
frictional hed n&mtr%{’f‘i—gﬁz 115 %%&%cﬁ%g{%gfhﬁe&omgﬁégﬁ

W raise ure an y the chem cal

reaction ysates |oc aAleefeﬁ&fbrbéEﬁcdi'ﬁh%gﬁ’f,@L’ginéymé & fiRed btk RersdttibA brp,Y -

In the contact node, the heat generated is not efficiently removed by the
slurry transposC,siwithd;t Dpexation nftht CMP pmresstimthe mjked dnd hydrodyhameie masies &t her

e L Satetnal ol ng Pl ke R AR o RSl Cp e
silicon wafer gand bLAEHAP abSdpASte BRAEmal cooling may be installed in the 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,. AsC,*isincreased with additional cooling means such as external cooling, a higher
MRR can be achieved by increasing the p*v.* 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 Eag. (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



which is typi de from pol yurethane. To address this issue of heat
generati on, %@@’%-’gﬁbodi ment of the present invention prov? SqZp170
establ i shing an upper limt for the apptitable pvR product. Bl SAN DR
limt for heat generation is set as pvR = C2, where C2 is_a constant that
depends t he i meekanical pelishingds eariedgumpeirthatihe Hllowingequationis satitfirduct i vity
of the backing filmand the pad, and the gctol I ng system of the head ?ﬁ])d t he
pl aten. The constraint pvR = C2 is sho®th“ag€ a rect angul ar hyperbol a*i’n
Fig. 7. 15 A phefeorrad purassdefined dbdvecind G, ts depemjentroy the imeificid dribyor he

I ntersection of pvRk *with LI. eration of theClVPgrocess in the

ni xed and hyd¢ ‘amaedthsdb@makwnﬁw%éwﬂfﬂwfhaﬂa?g flsmaghibe pad, @pd thgoppling | ¢
houl d b d i £ . . .
approprigte S&t”?gﬂh‘té@%hiahgsla%nmg“%*:aﬁ%%f)‘tff % {{‘eﬁi’g’gﬁ ]ﬂ‘g‘ﬁﬁ!”r% SRS,

appropri dte extefna may be 1ns e

the platen tOtHempglideprédaﬁrthﬂ ir€latéveoieloity pedinetetiduead hed Gendraticin Teefelubly
constant C., and 20 thus the exact preferred process conditions wll change

based on chantésunpsr imit G, i sglectsel suchhat flae temperatuze rigedramy the el seneraled fopbnal
c t : . - ;
o easi ng. nER RGBS G4 40 plMRk ot 1Y Hlfes KA LT e B I BEBLY

as mechani cal dydshiotbtoeed alsduu b dygreedt i nent, and the like.), the actual nost
preferred pressure_and velocity values can he_sonewhat €iff_erent fromE *
d

and vR*; 1®5 howevefhe sepsinke} irfepersient o e KB anaghing senfigiiatinn, aad Siswe
Wi th routine vﬁ‘é%{ éalnqﬁ%oqt 88 Hggﬁlﬁg c@ﬁﬁ#@%ﬁoﬁ%%l@wﬁfcﬁc?ﬁct@%ﬁ%ﬁgél:titﬁc(la tOCIVP

i nvention. For exanple, using frictio rce neasurenents
process and apgdtygengrafign and) areoprémarily the hiatesfirtiel ifdetionheoefiicitits tthe dlggrnal] and

then identify the transition point fromcgntact node, to m xed e, anpd
ot or m no. t huchRSBELTHEE e he gad i Faskimg i SR P Eraing St e- G thermal
particul ar LV IrAeal g ment of the present

i nventi on, 5 Pt R oo B B 24170 "4 3 1 JAN 5
mechani ci pol i shi Oyeiesample of bav Ghis deterinel at provided bélbwwiltig irepprtant tornats
satisfied: VRp S C2 ) ere, VR and are as define e and_.C2 |.s
dependent on ??1@35“}&“(%& f‘%&?’:ggi‘at f%F Wﬁ% Y% dg%@’l“\g g F%‘ﬁ’tsf’%gc ?ﬁ@/t?ﬂgcfpﬁggmhm
conduct i vity gfiq sicusiRek wag litdiledba it ollowih@dxapid, A<, ¢RPbé Adermifdbhaed Of
t he head and platen. As deScribed above C27is an upper limt which

constrains t hethgtpsching hereissure and rel ative velocity paranmeters due to
heat generation. Preferab

Itis assumleg that a portion of the frictional heat, &0, is transferred into the pad,

20 where o is the fraction (0 <a<1I) and Q is the total energy generated (Q = P-t, 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, A7, is uniform in the pad and is given by

25 @ O= 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 )

apnr,’t




this upper I's selected such that the tenperature r
heat generawcghz;’?’% the products of vRp, does not exceed a fggofg ees
K (or ©) , and nore preferably does not e¥ceed about 5 degree T ANLYD

constant C2 is dependent on the CVMP machine configuration, and this w II
vary for each Wherbm'ﬂhmmcmd@netbalbm@uﬂémw@lmcoﬁﬂmémsa\bhtwmn@fahédtmm are

Coet 1 Lol ent, | RALRBIRADY CHRRRSE FIFSEnEHt. DAGER PSS eR oL He PPt
dth | i '
head and the Bﬁﬁ%ﬁﬁﬂ%ﬁi&tﬁe S hd gl EBPRGAET e AP BE ol

bel I
elow It is '{ﬁB spem’? %for@é?ﬁ%@%ﬂ?ﬁﬁ é’@)/}%’otJh%tK,CETi’é‘lééstﬁéﬁrsyK(or

dependi ng on eac t oo | guration I's thus in no way
limted byst h6°(ﬁphﬂd1'\ﬁ# L'Igum?,xﬁeﬁilhevalﬁéldf €2, which ibthedeixénampegplvdse( is abouttiTe

t eachi ng herein. is assuned that a portion of the frictional heat, aQ
S transferredWﬁfo the pad, 20 where a is the fraction (0 < a<l1) and Qis
the total energy g ol é Jds d Eth ngii;gng Bt tﬁd@@:‘ RE ARRHS

: sﬂfg%p CPIS e n cfl l@ ll'a b O

time). Additionally, 485 URed heat

transferred i nprovides faraerryiing Ioubmesptrmesmlm the bdit&aqnmguan,chndr@r peoviiestahaipper
tenperature w thout dissi This is,a "wyrse case"

atin INntQ enviro
estimation. |t ligdengkepre ﬁ@@%&%ﬁ@aa{lﬁaﬁt# F\%"%l‘?ﬁ@ﬁﬁ?ﬂ?@f} By daing ggrous; o

uniformimthe arf?%i% o RS \ﬁm@ass
of the pa i(;b %‘P %ﬁit@ﬁgﬁa&tﬂ%ﬁélﬁ nmﬁég‘tfﬁcr)%t e pad g%n%l ne ﬁéEq
t he const ant CRtadbsﬁeﬂ(oB/)le{rel define the maxi num pvR pr oduct | n one exarrpl e

can be determ ned as 5 a wr 9907 P Us01/ 24170, -15-
31 JAN 2005 where aW@Fﬁﬁpﬁﬁtéf%Pﬁéﬂtﬁg&n%%éﬁ%‘%c\?ﬁ lenis magsuredandy o

between 0 and f, nmi%ato@t eﬁﬁ{er@: 0 BYesE $PHE comMa Mode I RERIH abbW, kD

the CWVP process, nbst o heat i's transferred into the slurry and a is
smal | . For i nsfrictior ,coefﬁcmntevaeneab]abae off twoeorders magnitudes amang-thg differemt cengetl kg

for 300 ml? ( 12rr20dgs Generalgy, t?w fnctlo% coeg'mlen? folr ESiitack moge w11|l<bé 1n 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 instailed 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 coef’ﬁc.icnt 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




50, and t =2 mn; then the value of C2, which is the nmaxi num pvR

product, i ¥YA&BAN27 wWne. Thus, in summary, C, is used tESTHOE2H e the
maxi mum kp and vlelp ratio which providis for carrying out GhejarBgess in
the contact regime, and C2 provides an upper limt on the product of VvRp
to limt theforporposedsff ilhubtretione aivbart imeaxinteoded Byimibiha inveotionin abPwgpal i s

to increase the material,r val rate._ and  a 0_.pronot e, nai nt ai ni t he
WD ot o HESHRIRI 5ok ST Vel eith arutd AT SRy RV P abalolfh | on,
the friction,&aohld oM for & WIBSRMEE O GBsture MR VERERY sdtfingii Ntai n the CWP

process in the tontact node. As described above, the friction coefficient

varies by one or Awotaty-tipe pohshgnias st knawn rrgythetaet, wias émployed tthe polishirg:

nodes. nerally, the friction coefficient. for contact, .nod i1l be in the
"ange of abotPetinehtio, T Saplis SR vef Shrict Hon GRMERY e Pealgor eitou
0.01 to 0.1, giiWdiifi@mettRisroHH Heard sr paRAIR] tothd flfieh SitERe OTwa hdidisefbol01 t O
0.01. According to the present invention, this wide range in friction may
be enpl oyed ansl arbripeosensorewersringaliedctonokasirgribe frintionplcforges én tpmarthegonef ace
during the roces Ln particul friction_ in the,system be
measured i rOERORDYRLLR HREE oHbS Pelmeler, Fhe Spablet afmRYPACa e Rt
Torque sens@h§ordBYP22 NG Al 15853 Nan,RASHE Geddh@idng 26410.087 1§ h@d Po@r Nhat
rotates the wafer carrier head. Alternatively, or additionally, torque

sensor slGray tsepactivels Theihead unitaensdeiverhey preymatie pistons Fu vagicel metier anddemt es
the platen. Further, |qgad sensors be..i.nst al | ref.erab on L.he
waf er carri efPPIYipE FRU% PIesss: %@%Pﬂ%lss?&%%ggﬁ %ﬁ 8@5%%% ﬁf%ﬁn:gn} %‘g'd 25
sensors are hifk@inh fltenAndB dfttndndtbe Suifabdsiof el ahﬁﬂhﬁﬁfspl&téh inthObis8 eganal
directions on the plane in parallel with the pad surface. Measurenents

from t hese sgieynd to aghieve nhigh degrenafflamgssagd pirdace aishhEhg palisheravas eemmpytEti ent
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pressur gs r espails b¥ @ohitpollddcini fefidentiaNshd thadofen sad toimas whethe mafer citld be
Experinmental The follow ng experinents have been conducted, These

experi ments agairsd &y repd Himap Te/entyoapparaiisras hgueptipsidy @ lamingnRpw gpegdule

equipped with HEPA filters to ensure a contaminant-free environment.

D

Silicon wafer substrates, 100 mm in diameter, coated with 20 nm TiN as adhesion

layer and 1 ywm 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




for purpos&,g) 5 lustration, and are in no way intended to |im¢t the

i nvention | ﬁ]y%a Experinments on Cu bl anket wafers wilGF R4 A1203
slurry have been conduct ed to verify thé7models for a wi dejranyegf
pressure and velocity settings. A rotary-type polisher, as well known in
the art, was errpl oyed in the poTabémZH@pemce%@mSﬁWS The stal nI ess st eel
waf er carri er—wa to
align the wal @me&real I eI to the pl aten sur&aaé}O.,,TV\D Ioad sensors andla

t orque sensor~WEre irnstatied o measure tfe _1ricrronal 1torces M TWo
or t hogonal gPagicls Bae(AY the torque of [%é head notor. The capacitigs of

the |l oad and|t rs are 222 5.65 Nm and the
resol uti ons g%\élg%esssmqﬂﬂ‘l I\Lrn 1l\h(?5;\®pnnf el \l_Thn head—uni-tl was

driven by pn¢@shtdntratios (@hss)f or verti cal nbBi on and for appl y| ng nor nal
pressure. Th Faten—um t TS COnpoSed of getactabire 300mmdira.
al um num pl at é))scaﬁw af)at en_not or . Sur f ac®83of the al uni num pl aten_ard
t he base wer ¢ Efround to achieve a high degree of flatness and surfacs

fl nl Sh The l S hnn:ru_lf r=¥a coRpt+o nrl Iy W) hf\+ $ hn annl | nrl |

—ottY,

rotational speeds Rfcohﬁﬁeféﬁi% %}%ﬁébﬁi aamét I¢14d()?wﬁh%ir@[by$@n@ﬂié|péhﬁlﬁn
e

control |l ed i ndependently, and t forces and torques on the wafer cou%d be

acquired in rexpgrimenis. Wd@nwn@dmmmmb’m@hwdon llﬂSﬁd'BO@Pl i[(ilﬁQ%r

fl ow nmo I e e W, t h fil e

envi ron a%&?b%@ REYLpre ﬁ%@t f ataégnd%fége n%ﬁiylh()% rrg?'tam d\%ﬁtoh 20
urn TiN as adﬁ@&ipqshd Aty e cdithoditdThRAVidefelatont 5068 MPae 56 m&edes@sat\@gt
waf ers. The density and hardness 20 of the coating materials are |isted

in Table 1. Aurherdeiailsqfihe padaselistedsin Tgbler3. A1203 abr asi ve 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
Experinmental Materials 25 Materi almiPadPﬂogémﬁgHardness (MPa)

Cu8, 9201,220 .50 Ti N5 43017 640 1 235 Si2 4208 776 570 WD Q2/00007
PCT/ QS0452417®aq17- 3 1 JAN 2-305 Rodel IC1400 (k-grooving)

Material Polyure;thane

Thickness (mm) 2.61 (1.27%)

Density (kg/m3) 750*

Hardness 57 shore D*

20 Pore Size (um) 20-60 (isolated)*
' Groove Pattern .| 250 um wide, 375 um deep witha 1.5
mm pitch, concentric
* Top pad (IC1000)

25 Table 4 lists the experimental conditions employed in this study:



Table 2 Plr_épertie% of the Slurry 5 Abrasivea - Al1203 Particle Size (gm0.3
Particle ey (Mpa) 20, 500 Concentration (vol.% 2-3 Viscosity, &P@
s)0.03 pH7 A commercial conposite pad (Rddel |C1400) was enpl ggefé i2405t he
polishing experinents. The pad conprised a nmcro porous polyurethane top
| ayer (Rodel |C 1000) 10 and al'dbleyhExpanisienial Giopditiane f oam as under | ayer.

The roomte ra tic nmoduli of f pad and the conposite|pad
wer e about ggﬁo@igﬁﬁ MPa, rpcppr‘fi\uﬁ@gi%lrfhpr details of the bad

are |listed irNJx%i&lj?ré’ssurE@@aq 3 Pad Proper tli;,eqsg 15 20 PadRodel | C1400

(k- groovi ng) HvatertatPotyurettrame—Thrckng M2 61— t—27Denstty

SEE
(kgl nB) 750* (HamgimarsSeed §pse D* Pore Siz¢ S(A200-60 (isol ated)* Groove
Pattern250 npw de,.,37/5 eep wmth a 1. % h, concentric * Top pad
(1 01000)25525 [}FQE\ZQ?‘?‘QE@/%M experiment 2 |°r-6:9n“ﬁjd§fi ons enplayed in thik
study: WO OZ!QQQQFlmﬁQaMLQmﬁ) Experi nmentalsoCasgli ti ons 5 Normal Load
(N) 108379 :

Duration (min) 2
Sliding Distance (m) 6 - 469
Ambient Temperature ( °C) 22

10 Relative Humidity (%) 35-45

Each wafer was weighed before and after polishing to calculate the average
- material removal rate (MRR). The worn pad surface and Cu-coated wafer surfaces were
observed in a scanning ¢lectron 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 indelsendent of the pressure and velocity only in the contact regime.

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

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

material removal rate during the CMP process. As illustrated, the MRR isincreased 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

25 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

30 claims appended hereto and their equivalents.



Nor mal Pressure (kPa)14, 48 Angul ar Speed (rpm5- 420 Linear Velocity
(ms)0.05-3.91 Slurry Flow Rate (m /mn)150 - 250 Duration (mn)2 Sliding
Di stance (M6 - 469 Anbient Tenperature (C)22 Relative Humdity (%935 - 45
Each wafer was wei ghed before and after polishing to calculgﬁe “@gpaverage
material renoval rate (MRR). The worn pad surface and Cu-co té@ er
surfaces were observed in a scanning electron mcroscope (SEM to
characterize the post-CUT pad 15 topography and surface scratches on

waf ers. The effects of process paranetetd-on the material renoval rate, and
the relations between the friction coefficient and Preston constant are
exam ned. The results show that Preston constant is independent of the
pressure and velocity only in the contact reginme. Mreover, the high
correlation between the friction coefficient and Preston constant in the 20
contact node allows the use of nmonitoring the friction coefficient in situ
to nonitor the material renoval rate duri CWP process. As
illustrated, the MRR is increased when operating in the contact node as
provided by the present invention. The foregoing description of specific
enbodi ments knd eRemgihed afchemical meehanicahpoligking b eafecprofgerafedwitbra fohiehing

pur pose,.af .4 j description, and although the 25 invention has
been il au,sgrﬂa{:fefg&%?;éc%?qsﬁ of the preceding exanples, it is not to be

construed asrobatingganlyi anietop Gotthef thbpolishivgypadr dné whith 8NgRdhiive Rfoc@¥hausid ve
or tolimt the invention to the precise forns disclosed, and obviously

many nodi fi ceeingibse waerzadipad mgainstaach vthet attancpplied prepassidl e in |ight of
t he above t ' ILLyi.S kntended that the sco of the inventian
enconpass t ﬁgﬁ%g{r%g?’f:g a};ldregg&rgsm erfe 1Y 53?’% &aég'é?d,mﬁgﬁﬁe Eﬁfwteﬁ’éth% @pdjthfgwafer
append t i i L 21 - 19 Al 1

nmet hod%;%;ngﬁgnf (l:.l g‘?lwEi nn;eclc?%a%dgglm %‘?ﬂel s%f%ud%gl%ojréﬁl' é%eosfg?c a a\%%f‘g_sﬂﬁo ?f‘cﬁe‘ﬁbom
pol i shi egree K.

2. The method of claim 1 further comprising:

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

3. The method of claim 2 further comprising:
determining the friction coefficient from said friction measurement; and
controlling the values of p.and VR to maintain the friction coefficient at a value of about

0.1 or greater.

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 to 57
kPa.

6. The method of claim 1 wherein the value of vR s in the range of about 0.05 to

4.0 m/s.



pad, 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 nst each other at an applied pressure p, wherein the values ofp and vR
are such that the interface between the pad and the wafer are é@&s

contact node and heat generated during polishing of the wafer h

exceed about 10 degree K 2. The nmethod of claim11 further conpr|5|ng.
measuring the frictional forces generated by the pad and wafer during the
polishing. 3. The nmethod of claim2 furither conprising: determning the
friction coefficient fromsaid friction neasurenent; and controlling the
val ues of p- and VR to naintain the friction coefficient at a val ue of
about 0.1 or greater. kPa.4.The nmethod of claim| wherein the value of p
isin the range of about 14 to 70 kPa.5. The nmethod of claim 1 wherein the
val ue of is in the range of about 14 to 57 6. The net hod of claiml

sherer el Lengl L LSS 2L 0RO S8 U0 P Zhge

of abogygp.4 to 2.0 ms. 8 The nmethod of claiml wherein the values ofp
and vR are selected such that heat generated during polishing of the wafer
does not exceed about 5 degrees K 9. A nethod of chem cal nechani cal
polishing a surface of a wafer with a polishing pad and a slurry at a
polishing interface in a CMP nachine, 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 nst each other at an applied pressure p,
and wherein the values ofp and VR satisfy the following relationship: 'rR

Ip -CA " 7% (1) Wher 1.is.a constan dis_a function of the geonetry
of the poli é hi ng THBF '?‘ggé’fﬁf?bmtlh‘é’ge”ﬂ@s 5?1’256‘1“ P 2/ eR 5% £ P@edaﬁlfhﬂh?@'ei’%e
Vi sCOSpinerttd dfing! pdlifng of the wafer does not exceed about § degrees K.

9. A method of chemnical mechanical p.olishing a surface of a wafer with a polishing

pad and a slurry at a polishing interface in a CMP machine, comprising the steps of:

rotat.ing any one or both of the polishing pad and the wafer at a relative velocity VR and

urging the wafer and pad against each other 2t an 2pplied pressure P,

and wherein the values of p and v sat.isfy the following relationship:

VR/p =Cp/m (1)
where (7 is a constant and is a function of the gcometry. 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.

10. The method of claim 9 wherein C; is in the range of about 1x10-7 10 1x10-6

meters

I1. The method of claim 9 further comprising:

determining the friction coefficient from measuring the frictional forces bct‘ween the
wafcr and the pad; and



such that the interface between the pad and the wafer are in the contact
node. 10. neters The nethod of claim9 wherein ClL is in the range of about
1x10-7 to 1x10-6 1 | . The nethod of claim9 further conprising:
determning the friction coefficient frommeasuring the frictional forces
between the wafer and the pad; and 1 1 JAN 2005 21_ control §ilngntde val ues
of p and vVRto maintain the friction coefficient at a value of about 0.1
or greater. kP a_12. kPa.13. 14. 4.0 ms. 15. 2.0 m's. The nmethod of claim
9.wherein the value of pis in the rangel of about 14 to 70 The net hod of
claim9 wherein the value of pis in the range of about 14 to 57 The net hod
of claim9 wherein the value of vVRis in the range of about 0.05 to The

met hod of claim9 wherein the value of VRis in the range of about 0,4 to
16. A method of chem cal nechanical polishing a surface of a wafer with a
CVWP  Machi necaniolling whg valyss iof sHindrp del nmaintaia thé fiatipn coefifisidns ang valhe of sleps
of rot&iing any one or both of the polishing pad and the wafer at a

rel ati Pef5etty VR and urging the wafer and pad agai nst each other at
an applied pressurep, and wherein the values ofp and VR satisfy the
following relationship: ""R/P =Cl / 7? where Cl is a constant and is a
function of the g€berstethododf dinen (Fomihahim el vileS $fapds athelifpe SHAN101o YH1E
CwvP na%@ane and 71 is the viscosity of the slurry; and vRpSC2 (3) 3 1 JAN
2005 ;

I3. The method of claim" 9 wherein the value of p is in the range of about 14 to 57
kPa.

14.  The method of claim 9 wherein the value of vg is in the range of about 0.05 to
4.0 m/s.

15. The method of claim 9 wherein the value of vy is in the range of about 0.4 to
2.0 m/s.

16. A method of chemical mechanical polishing a surface of a wafer with a CMP
machine including a polishing pad and a slurry, comprising the steps of:

Totating any one or both of the polishing pad and the wafer at a relative velocity vy ; and

urging the wafer and pad against each other at an applied pressure p,

and wherein the values of p and vR satisfy the following relationship:
VR =Cy/ 7
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
VR p <C) (3)



- 22 where VR and p are as defined above and C2 is selected such that heat
generation from the wafer/pad interface does not exceed about 10 K 17.

A met hod of chem cal mechanical polishing a surface of a wafer with a
polishing pad, conprising the steps of rotating any one or bojn‘gm'm@e
pol i shing pad and the wafer at a relative velocity VR urging the wafer
and pad agai nst each other at an applied pressure p, neasuring the
frictional forces generated by the pad and wafer during the polishing;
determning the friction coefficient fregmsaid friction neasurenent; and
controlling the values ofp and vp, to maintain the friction coefficient at
a value of about 0.1 or greater during polishing.

where vg and p are as defined above and C; is selected such that heat generation from

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

17. . 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 vg;

urging the wafer and pad against each other at an applied pressure p,

measuring the frictional forces generated by the pad and wafer dﬁring the polishing;

determining the friction coefficient from said friction measurement; and

controlling the values of p and vR to maintain the friction coefficient at a value of about

0.1 or greater during polishing.



