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Background of the Invention Manufacture of sem conductors has becone

i ncreasi mgOy2/000pl ex as the device densities increase. SeChURgh1gensity
circuits typically require closely spaced nmetal interconnect |ines and
nultiple layers of insulating material,-4%uch as oxides, forned atop and
bet ween the interconnect |ines. Surface planarity of the sem conductor
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usual ly forne by chemi cal vapqr deposition D).... The .net al . | overs
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surface of the oxide. The process may be used to renove the surface
met al | eavi atppopephethdiscohforins to the sgblapercand afithe Huadnts oflayers instdasg thdnoes from
one anot her by the_interve oxi de layer. I.n general, to carry out the

nin I
CVP pr ocessPlaBarity offhesurfacs becAmes mase piooaieesd cvP)  nachines is used. Many
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t her eon, aneémployedl Tley CHiPaTeteas rondas imaterishfrom thaswrfaee ofithieciaferdo prasdd he
waf er whose 30 surface is to be planarized and/ or polished. The surface of
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waf er during the CVMP process. This not only prevents di s.car di n?al ?af or 13
grooves 12 formed in an exide layer 11 as shown in Figs. 1A and 1B. Theme y
may be deposited by sputtering or vapor deposition or by any other suitable conventional
20 technique. The oxide layer, such as doped or undoped silicon dioxide, is usually formed
by chemical vapor deposition (CVD). The metal layer covers the entire surface of the
wafer and extends into the grooves. Thereafter, individual leads 16 are defined by
removing the metal layer from the surface of the oxide. The CMP process may be used
to remove the surface metal leaving the leads 16 in the grooves. The leads are insulated
25 from one another by the intervening oxide layer.
In general, to carry out the CMP process, a chemical mechanical polishing (CMP)
machines is used. Many types of CMP machines are used in the semiconductor industry.
CMP machines typically employ a rotating polishing platen having a polishing pad
thereon, and a smaller diameter rotating wafer carrier which carries the wafer whose
30 surface is to be planarized and/or polished. The surface of the rotating wafer is held or

urged against the rotating polishing pad. A slurry is fed to the surface of the polishing
pad during polishing of the wafer.



over-polished wafers, but also mnimzes the necessity of re-polishing any
under - polished wafers. There are nmany possi ble ways of determ ning when to
stop t hewidP/priezess. 5 Typical nethods include: (1) detepCTmgoaist i onal
change as the top layer of netal is polished away to expose the silicon
oxi de layer by nmonitoring the current t-d+the platen and carrier notors,
and (2) nonitoring thermal and acoustic signatures fromthe polishing pad.
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While these techniques have provided improvements to the CMP process, these
20 methods provide average (global) characteristics of the whole wafer surface, rather than
those of smaller, localized regions or areas of the wafer. This means that, although one
part of the wafer may get polished before another, the global system is not typically able

to differentiate between over-polished and under-polished regions of the wafer.
In another prior art technique, as described in U.S. Patent No. 5,972,787, indicator
25 areas are provided on the wafer. These indicator areas are formed of blocks of parallel
metal lines with varying line widths and pattern factors that are chosen to violate existing
ground rules in such away that they will be dished out using the standard consumable set
(pad/slurry) of a given metal CMP process. The blocks are then inspected to determine
the extent of polishing. While this technique provides for indicating the polishing in
30 certain areas of the wafer, the process requires that the CMP step be interrupted for the
inspection to take place. Further, the indicator areas require formation of the blocks

which add an additional step to the already complex fabrication process.



technol ogy to produce high-speed, high-performance, and | ow
energy-consumng Utra- Large-Scale Integrated (ULSI) circuits. In copper
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20 The wafer-level endpoint for the copper CMP process may be defined as the time

when the excess Cu and barrier layers are fully cleared up on a specified number (or
percentage) of dies of a wafer. Due to the polishing nonuniformity, all the dies on a wafer
generally will not reach the endpoint at the same moment, and some of the dies may be
overpolished. Thus the endpoint of CMP can be a representation of the optimal polishing
25 time at which the number of out-of-specs dies (either under- or over-polished) reaches a
minimum and the process yield is maximized. However, the remaining Cu thickness on
each die area is difficult to measure in real-time to determine the endpoint. Most of the
prior art in-situ sensing techniques rely on indirect methods to detect the moment of
Cu/barrier clear-up, such as the changes in the friction fo;'ce, the ion concentrations of the
30 Cuw/barrier materials, and. the electrical impedance on the surface. However, these
methods are limited due to the lack of reliability and the problem of high noise-to-signal

ratio in practical applications. Moreover, all these techniques provide only average



informati on over a relative large area (usually wafer-level) and | ack the
capability of sensing within-wafer and die-level uniformty. Therefore,
t hese netwodyiwanj ust be used as suppl enmentary net hods weChusetn4epri mary
metrol ogy to assure the detection of ?dpoi nt. 5 Recently, the capability
of a photoacoustic technique on the thickness neasurement of nulti-I| ayer
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Summary. of the ention It is ect of t esen nt|

provi de an Rrﬂve‘sgotntl? ﬁ%ﬁ?&ﬁsuﬁﬁﬁsg‘gnﬁﬁ By teegpo lﬁ@h "IW §|1uzree
regions of ghemalRss pchanemd YhteRBrehf8 o SNEhPIOMmERS suﬂfacel@fm@émad ol ect
of the present i1nvention to provide a nethod and apparatus which

cont i nuous| yndedpingdayers. hipohy besuitgblp foaygreesiring trafisparent ilms suchasdigfectrive

f
vafer, and 1\£\§f)er(s) /u:’lf thzcgffeggé }'J %%%égu%]égal films. In theory, the reflectance measurement

may be used for detecting the surface topography and the metal area fraction on the

20 surface. Moreover, because the reflectance of patterned surface is influenced by the
topography of the pattern, it may also be possible to gain information on surface planarity
and dishing by this metrology. While the reflectance technique holds promise,
significant development is needed to provide a practical end point detection system and
method.

25 Accordingly, there is a need for an improved method and apparatus that can
continuously, and in-situ, monitor localized regions of the wafer surface during the CMP
process.

Summary of the Invention
It is an object of the present invention to provide an in-situ method and apparatus

30 for monitoring localized regions of the wafer surface during the CMP process.

It is another object of the present invention to provide a method and apparatus

which continuously monitors the polishing progress at different areas of the wafer, and



-8 may al so be used to determ ne the end point for renoval of material from
the surface of the wafer. It is a further object of the present invention
to provi deoa/mgehod and apparatus which enpl oys the diffReEUSE/A4m6

refl ectance between different materials_on a wafer .to 5 nonitor the

pol i shing progress and/or end point at -8¢1 ect ed regi ons on the wafer
surface. It is yet another object of the present inventiqn to praqvide a
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substantialTy uniformrenoval of metal during polishing. It is an even

further object atiddfurtheeslbét of Meeirtiedninventisron previde a nfetisd andmpphraths 10
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scans acr oswhich henitoceefactipcodt vatieussaffare ar¢as obihie wakir anibeantrobsithe palishings a

fiber optic cable, transmts._light through the w ndow o 1 he r.face of
t he carri erPT9¢f§s Pfe%{%%s tp pefigve g‘?ﬁ@é@&ﬁ(‘:‘gﬁ?ﬁ? Wﬁ%ﬂ@“&fﬁ%ﬁﬁf’ﬁéﬁ?&ai d
waf er surface asyk tt‘ﬁ&h ] . : E OV or
nonitoring the ?%Hael{: gg | geﬁt% , Jte 8%‘2’%%%%%%‘%?%8@8@%3? ingﬁl:tﬁggglrogcess
at | oci@ i zefhd apParat@ifonmoaftorfidpesunfate corditiqanremid detetting the predeseatdpdinkt fght

i nformati on. More specifically, the chem cal nmechani cal polishing nethod
and appar atapoper daenaseene GMRaf er carrier that has a membrane having a

central and con ne;ts %oig%g«ﬁré% ?1%#1 é&‘lglh SFJ‘%Q;B Hrind Env%ﬁﬁ?r? b 'esvem. C{' clge%iigﬁ‘le

correspondi ng zo ne wafer ace. An actwogator |

provi ded t omgeHahical pbidiny @Sl QndRBbirefks tif viHich @e@ttaﬁﬂ,e?- palihiRbplagmcaid r i ¢
conpartments and thereby control the rate of renpval of material fromthe

waf er sur f apadishinggadiof effirstiliameenrnadishesdi wafer oaraied by advaiérecagiorudt windoy
engaged respansive .to r.ef.lecited |igh eceived at, each qf the zones. In
oot bl o pidaitist Te e Bolidngpiefh ot Frbrb SRy i Paskiofoally SrbE SRt
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whi ch includes 30 a polishing pad and a wafer carrier having multiple
chanber s t hthtoughlthewimiow ontiethe sudael of thearayiigrgng ressivas bghtirefhictancdithretginber s

Lhal urge agalncl. Setel sl ShueatiesRonding Lecel L2ed, redlons, on Lhg el et
for monitoring the reflected light, and for controlling the polishing process at localized
20 regions of the wafer responsive to the reflected light information.

More specifically, the chemical mechanical polishing method and apparatus
includes a wafer carrier that has a membrane having a central and concentric pressure
chambers or compartments which define corresponding zones or regions on the wafer
surface. An actuator is provided to control the pressure applied to the central and

25 concentric compartments and thereby control the rate of removal of material from the
wafer surface at each of the corresponding zones, and the actuator is engaged responsive
to reflected light received at each of the zones.

In another aspect of the present invention, a method of chemical mechanical
polishing is provided comprising the steps of : providing a CMP machine which includes

30 apolishing pad and a wafer carrier having multiple chambers that allow for independently
varying pressure within the chambers that urge against a wafer at corresponding localized

regions on the wafer; measuring the reflectance of the surface of the wafer during



WO 02/ 10729 PCT/ US01/ 24146 -9 polishing at each of the | ocalized regions
on the wafer; processing the reflectance data to determne the state of
pol i shi ngvewy/i7ee each of the | ocalized regions; and i ndepraU®RM1/24146
adjusting the pressure within any one of the chanbers responsive to the
state of polishing within each of the-&rresponding |ocalized regions. 5
Brief Description of the Drawi ngs The foregoi ng and ot her objects and

f eat ur es ofpdlisking ateach pbthelwdalizaskregtoneor the avafsr; pionersingttioongilpetamaetdata to
foll owi ng descri.ption .ead i n.connect.j,0 it h. the acconmpanyin

dr i ngs | TR hePgle Otpaliiae VARG BRR phirederiEL g ony PRR ARy
trenched oxj : j batub}ihi AR ' ' SRR £E | Rkl ed to
t he surfacgﬂ%tlggﬁgﬂ%%smaer@thé%% sheéﬂ,fﬁ{ﬁcgg?ﬂe’%?éﬁ? to Ite)gi/?;gtl ég so.lﬁFi g 21is
a top pl an witkiweaéh of thetatréspgnding lcchlizeg rpgiaben and poli shing pad with a

waf er carrier and observation w ndow. in accordance with the present
i nvent idon. Fi g. 3is a parti & d eseription aj the,)) g the rotating

polishing plate i.shi ] rrd ] ith
Phe present | nveriigrseSedfa g B K of BleibRhubd ARGARGRMUGY,
waf er car riwdeRSsodC ifin€Othei followdngTaleadripiivll WhERT rdal @C conmtetioe withhthene
enbodi nent of the present invention. Fig. 5 schematically shows the wafer

surface wi tdccompasing fiawangsin sthidk eas and the path of the scanning w ndow

th fer.. di i ion. 20 Fig. 6]
et ¢ of 1 nFiaeiA ad B s e BERED RAED b Benat dridk poyhg it
embodiment Qhdh&ifeRhRRSRhedt M4RiHal %tg)liegitcgtheguﬁm\,"@ighﬂel&%ﬂ'flbliéﬁéh}lﬁ ¢S a

function of the gap between the e of the fiber optics bundle and the
waf er surf ati tbdcaveeadexenpl ary enbodi ment of the present invention. 25

Fig. 8 shows reflectance as a function of vel engt h fqr var.i ous erials.
Fig. 9 shows t heF 1lgeé I‘%%f‘}i’r@%n HEWLP falfHEa\t‘in_Sﬂ?o Fhipgp %enﬁﬁgipf)ill n%\PaQ/gF. Gus
pol i shi ng %hﬁ?éa&i@farﬂ%s%%@ @,{) ofihad &Eﬂce%itﬁtﬂ@gfé@@xﬁ%enﬁ@ﬂ?nt' on.

Fig. 10 illustrates one exanple actual reflectance as a function of tine
as conpared to Big. 3 ileapartil gedtionalBfevwishowih thesrotatingipelisting platencpolishagy am of
a control loop for one exanple of a _chem cal mechanical polishing

appar atSus tpastandavefpicagdedn gpqordange withdBe presend Jasention

Fig. 4 shows the diaphragmed pressure pad of the wafer carrier associated with

EANATL 2

a metalized wafer in accordance with one embodiment of the present invention.

Fig. 5 schematically shows the wafer surface with concentric annular areas and

the path of the scanning window across the wafer according to the present invention.
20 Fig. 6 is a schematic of the optical end point detection system according to one
embodiment of the present invention.

Fig. 7 shows the output voltage as a function of the gap between the end of the
fiber optics bundle and the wafer surface for one exemplary embodiment of the present
invention.

25 Fig. 8 shows reflectance as a function of wavelength for various materials.

Fig. 9 shows the reflectance as a function of wafer position at various polishing
times for one exemplary embodiment of tﬁe present invention.

Fig. 10 illustrates one example of actual reflectance as a function of time as
compared to an ideal signal.

30 Fig. 11 is a schematic block diagram of a control loop for one ex;ample of a
chemical mechanical polishing apparatus that may be used with the present invention.

Fig. 12 is a flow chart illustrating processing of the output signal from the



Fig. 12 is a flow chart illustrating processing of the output signal from
the WD 02/ 10729 PCT/ USO1/ 24146 -10 refl ectance sensor for one enbodi nent
of the pmwe@emto’ehvention. Fig. 13 is a flow chart illustreCTagotdaesecont rol
of pressure at the various wafer =zones in accordance with an alternative
enbodi nent of the present invention. F'réjﬁre 14 shows a schematic di agram of
|l ight scattered on a patterned Cu surface. 5 Figures 15a and 15b show
schemat i ¢ dicflgetanes sefsor feteme seodinen of therpresgyt mventar conposite surface,

d (b it f E 16 il | ustrat . Ki ti
oy Gamos” w PR i € OB SR ot o Soritol BB BRAS 4F B Hrioft DARE L Co
the sinul at ggdck aEMSoiddhcd Wigh kb &RALARCENIRAREE o HeQPreschhRveid 10 at the

condition Ww Wb and r,rr,. Figure 18 shows the sinulated | ocus for the

refl ectance sensBigusddabews aschandatic diagtant didighbsediteried an ¥pattero&ipu sfhce., | - r .
Figure 19 shows the results of off-]ine neasurenents at t copper

pl anar i%zation rBgIREd G I SB%WF%@WWCI%FEF Igs @iﬁ%ﬁ&l{ﬂﬁ%ﬁ?ﬂ’(@?w@nﬁ 5) in
accordance W &Fﬁg j fEsent invention. Figure 20
shows the rc&%s@@%frf%c%_ I jethrréa ﬁr&tgﬁéﬁ%ssraatée?he Cu planarization regine
on the patterns Rigife (b Oisatedsdnsackinematioy/id ascdidiicy with ene exaaple of viet h
anot her enbodi nent of the present invention. Figure 21 shows the tine

evol uti on opresanéjpnvieatigfht s for patterns with constant area 20 fraction 0.5
and 0.01 in accogdanc i th exper| S e pr t oV i OR.. Figure 22
shows the resul tglggfeg‘%ﬂomsﬁ@e ﬁ@@%&c@#@ﬁ?@%ﬁe {/eglF ﬁgﬁ% Sﬁirlgogégltsosgglﬁi‘%ef%u on
the patg er ngwhé BodlitforPWeaw! bt iron. Figure 23 shows the results of off-line
nmeasurenents at various prbcess fegimes on the patterns with 0.01 area
fraction. 25 Fi ghigerel8 showsghe simulated losusfarthansfloftame sansomiaprgss e wyafen er ns
W th constant_ area..fracti 0.5,and various linew dths. Figure 25 shows
the ti rraev%qth?F‘Efﬁmb‘?n&']dé)é\Nbﬁ‘bdfﬁw patterns with constant area fraction

0.01 and vari OUSFW.C{%B% thﬁe&%s%f%@f-ﬁx@%asﬁ%éﬁfs&T ki pPEasiA SRS Of

the nmean and standard deviation of 30 surface reflectance along different
| oci acr ossrdghfies'ah he PhttdrhowiBiN LS 0éa @BElRI (#/4 = 0.5) in accordance with one

15 embodiment of the present invention.

Figure 20 shows the results of off-line measurements at the Cu planarization -
regime on the patterns with 0.01 area fraction (w/4 = 0.01) in accordance with aﬁother
embodiment of the present invention.

Figure 21 shows the time evolution of step-heights for patterns with constant area

20 fraction 0.5 and 0.01 in accordance with experiments of the present invention.

Figure 22 shows the results of off-line measurements at various process regimes
on the pattern with 0.5 area fraction.

Figure 23 shows the results of off-line measurements at various process regimes
on the patterns with 0.01 area fraction.

25 Figure 24 shows the time evolution of Cu dishing for patterns with constant area
fraction 0.5 and various linewidths.

Figure 25 shows the time evolution of Cu dishing for patterns with constant area
fraction 0.01 and various linewidths.

Figure 26 shows the off-line measurements of the mean and standard deviation of

30 surface reflectance along different loci across the wafer at the onset of endpoint.

Figure 27 shows a comparison of the off-line measurements (mean and standard



Figure 27 shows a conparison of the off-line neasurenents (nmean and
standard WO 02/ 10729 PCT/ USO01/ 24146 -11 deviation) on the center die and
across wa¥ep2/at2vari ous polishing stages. The across- waf RET/@&t1224i4

cal cul ated based on the neasurenents along five loci. Figure 28 shows raw
data fromin-situ reflectance neasurenehdls nade according to exanples of
the present invention. 5 Figure 29 shows the results of in-situ

measur enent devidtionhen thevgentpr slieeantyecragsavaier airadees pelishing Beeesf Thafeeioss-evel

surface refl ectance. Figure 30.shgws the results of in-situ neasurenents of
t he standarwaééa‘_?‘ﬁfsiﬁ?ﬁuga?e&’/\?ﬁ?‘épgl Fasg{ﬁqeggseaﬁ?rﬁ‘ig‘éeclf’ﬁhce. Figures 31 a to
31 e shows the dFigﬁfezts%bwmw detafrbAGE-sitE trRE{aANGReBF M tIRAdcHIEAEing 10
time fromthe in-Situ nmeasurenents made according to exanples of the

present i nvierdxamples oFthgpresedinsémion. t he sinmul ated | oci for the reflectance
sensor across the wafer at the condjtion Ww |l .05wP_and rr. 1.25r, ~c.

Fi gur e 333 shows Figureoc0psding tesuisot inssiu wreaprpmerts of thefnoving AYHagh and
vari ance fﬁﬁn&apcfdéxﬁ'étﬁ)intolf&@@r%{r&@ﬁfﬁéereﬁ?tﬁﬁcg.ure 34 shows the results of
0 g I'nme 'w

t he sanpl ed” novi ng aver age versus estimated interval at 99.5%

confidence i nterFighre 30 HUWe thresd1RWE in-bitu measukdrientd of the stahdarddavati@neht s of
the ratio of the standard deviation to the nean reflectance (wafer-1level).
Fi gure 36 swalerlevebsurlageitaflsctenca-he range of surface refl ectance versus

l'i shi 20 ti - 1). Fi gur.e 37 ' | validati
Do var i Sus i shgtel gl Aot e BtfiBuh SRR G iR VRl Nl | O"
Descriqy i ong@k ﬁ%ﬁﬁh{:ﬂ i,ﬁvs%ﬁ_tﬂléh@uéﬁ%n{swmh&&dihgv&@%wemr@eﬂﬁﬁmqoﬁnd

apparatus for providing in-situ 25 nonitoring o he renmoval of materials
in localized regFigne 3rshaws ¢ siomthtat loci fanfherefigctanse bansomaczossding wafertfeni cal

rechan cal Roteallnot ek, Loy pafsbeutar | (he et hod and appar atus of the
e e, 111 b Al i I AT BT |
waf er. The fbrithcihaitoeseasirements.
15 Figure 34 shows the results of the sampled moving average versus time with
estimated interval at 99.5% confidence interval.
Figure 35 shows the results of in-situ measurements of the ratio of the standard
deviation to the mean reflectance (wafer-level).
Figure 36 shows the results of the range of surface reflectance versus polishing
20 time (wafer-level).
Figure 37 shows experimental validation for various in-situ sensing and endpoint
detection schemes.
Detailed Description of the Invention
The inventors have discovered a method and apparatus for providing in-situ
25 monitoring of the removal of materials in localized regions on a semiconductor wafer or
substrate during chemical mechanical polishing (CMP). In particular, the method and
apparatus of the present invention provides for detecting the differences in reflectance
between different ma’;erials, such as conductive, insulating and barrier hlateﬁals, within
certain localized regions or zones on the surface of the wafer. The differences in
30 reflectance are used to indicate that the top or bulk material has been removed in each of
the localized zones. In the preferred embodiment this information is used to provide

real-time control of the CMP process.



30 reflectance are used to indicate that the top or bulk material has been
renoved in each of the |ocalized zones. In the preferred enbodi nent this

i nf or mat ivom 0/s07esed to provide real-tinme control of the BVPUpsicess. WO
02/ 10729 PCT/ USO1/ 24146 -12 SpeC|f|caII¥ referring to Figs. 2 and 3 is
shown a portion of a CMP machine whichl?ncludes a rotating platen 21 and a
rotating wafer 22 carried by a wafer carrier (not shown) in_ accordance
with one enbodi n&mclﬁﬁallyh@fqmgémﬁgSn%n@ 3df S q\ﬁ@am%@@hom CMR mpgchiney
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silicon OXI e e or on, orous oth, or Tow dielectric
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conductive or insulating nmaterials to expose a _barrjier materi al such as
TaN and t hesurfageto Immeéuct@m@nb@édeﬁ@? tf?‘&}lé?m@ﬁyn%‘ﬂaé@gti@}’efem uctV¢ one

enbodi ment th | OF

surface 15 W&%&E ﬁ%v%lfy f"Fpa% ?(Plc aftgr S&%I r uc }ngmg‘é% E&g)s Th? %s‘?ﬂt{r&g
schenmaf( cal fntetihl ¢hst B buitablEiigdalRorldich ad RE-dOHES Silicon BoRte] Gilicdnxdie S t he
reflective differences between the conductive (typically net al ) and the

i nsul ati ng depted With borom pirosihooyust ¢ré>o;tin @glce«sélebnmcmmstamm@temlﬂ h\éso et er
and to determ ne.which Ioc q I ons e near i n \{ t

nat eri al anHreS?“ﬁHE’ePWé“ B BBF‘%‘[ g ?%coﬁg\l? kvﬁloﬁbnsﬂ eriaés ?c?xﬂ?ﬁ‘flat or
the CVP pr Oﬁﬁ'ﬁérmétgﬁaldsiufcﬁ% ?mﬁndﬂﬁehﬁé 'ﬁﬁlﬁ?%ﬂ&?ﬁé‘iﬁ%rﬁﬁ? als@Bekeidveg, and

the insulating nmaterials are observed. The preferred conductive materials
used for | beoe éubosidmentdhe pesent inteenticess dirceted|tammethvod figt deteotieg surthéech ar e
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materi al s suc as sili1con oxi e are, as can be seen 5-30%

reflective @pitdlty raewat andisheligsagiting mbferialsto frfoaitemheprdgrésebf}ﬂaﬁaim dfsheused
to monitor the polishing process. During the CVMP process, _the pre-polished
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20 To monitor the CMP process, the difference in reflectance between the conductive
and the insulating materials are observed. The preferred conductive materials used for
leads in semiconductor devices are aluminum and copper, which are approximately 90-
95% reflective for light around one micrometer in wavelength. The reflectance as a
function of wavelength for copper, aluminum, silicon and tantalum are shown in Fig. 8.
25 Most insulating materials such as silicon oxide are, as can be seen from Fig. 8, 25-30%
reflective at the same wavelength. This difference in reflectance is used to monitor the
polishing process. During the CMP process, the pre-polished reflectance from the wafer
surface is expected to be about 90% due to full coverage of metal on the surface of the
wafer. Upon completion of the CMP process the post-polish reflectance is expected to
30 be lower; in one example in the range of about 25-60%, because the exposed surface has
a mixture of insulating material and the metal conductors in the trenches. It is important

to note that the these numbers are given for general purposes only, and that the actual



waf er. Upon conpletion of the CVMP process the post-polish reflectance is
expected to 30 be lower; in one exanple in the range of about 25-60%
because tweorxpesed surface has a mxture of insulating rereseiz4iend the
metal conductors in the trenches. It is_jnportant +to note that the these
nunbers are given for general purposes - 'y, and that the actual WO
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28. O her O%gl cal fibers in the bundle 26 transfer Ilight reflected from
t he surfacetheteflagtangek er to a phot odet ect or 29 connected to an anplifier

comprising | capadhoBfcadzefibn B 3Bl 65G A 5o B8 Sy e
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then to a processing system whi ch processes the 20 itized signal in a

manner to bshopsadentle2tdepticdldibersSutih ‘aansrrmbbghtcfmme ghtﬁomﬁ i2d suchas a

o ot or Fa chEReing Gpde 1 heBRion b dhy FhecoRioAGEprDal EETRen ARG and

are random yoidi ShEdBy R | 'ﬂ{b LhecOWrdhe wdkradt ﬁﬁdt@ﬂét@&oﬂ?@%ﬁ{éctéd%rzﬁﬁ' to
t he waf er surface al t hough other orientations are acceptable. According

to the pr esanphﬁer\systemcm in@bdinpen bpcghﬂomhampluﬁ]g 3@iand éow pass diltextomprisingeni t
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20 digitized signal in a manner to be presently described. Such an fiber optic system is

commercially available, such as a Philtec D64 sensor system.

In the preferred embodiment, the emitting and receiving fibers are in parallel and
are randomly distributed in the bundle 26 and oriented generally normal to the wafer
surface, although other orientations are acceptable. According to the present invention,

25 the light-emitting diode is selected to emit light at a wavelength that maximizes the
differences in reflection of the particular materials on the surface of the wafer. In one .
example, where a copper layer is to removed to reveal copper leads placed within
intervening silicon dioxide layers, the light-emitting diode is selected to emit light at a
wavelength of preferably about 880 nm, which is in the range having optimal differences

30 in reflection. Those skilled in the art will recognize that the wavelength providing the
most optimal difference in reflectance between the conductive and insulating materials

will vary depending on the types of the materials, but that such wavelengths can be
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anal og- t o- dingy bausebinmepasre reflectpmgecofiafen prface. However, any suitable sensor
must be capable of projecting light onto the wafer and gather the reflected light, and

20 providing an output signal for processing.

To provide in-situ monitoring of the CMP process, the method and apparatus of
the present invention employs the sensor tip, inserted in at least one window 36 formed
in the rotating platen, to view the wafer during polishing as shown in Fig. 3. The fiber
optics bundle with the light emitting diode detector and amplifier are mounted for rotation

25 with the platen. A suitable slip coupling (not shown) may be used to transmit the analog
signals through a rotating interface to the analog-to-digital converter 36. More than one
window may be formed in the rotating platen, each having a sensor tip inserted therein
for viewing multiple locations at the same time. When using multiple sensors, sampling
techniques known in the art may be used to process the signal. The window may be of

30 any shape and size, and is limited only by being able to adequately house the sensor tip,
an preferably provides a small footprint to minimize the impact on the polishing process.

Of particular advantage, the window 36 may be placed in any desired location
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wear properties as those of t S preventing any damagé to the
surface of wifee wafer. 20 O significant advantage the present invention

provides for nonitoring the CMP process in certain |localize rge(ﬂi}s?lns or
zones. 15 n parti chiraroptigalpdefeeiion sysem, Berds tor be prOfSIRS the Wee of
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zones are 25 schematically illustrated, and are further described in
co- pendi ng HmblRr WaaTi nsPPeTkes agithags of the pad thus preventing any damage to the surface of

the wafer.

20 Of significant advantage the present invention provides for monitoring the CMP
process in certain localized regions or zones. In particular, a plurality of zones are
defined on the surface of the wafer and correspond to zones formed in a membrane that
engage the wafer. Preferably, the zones are annular; however, the zones may be formed
of any suitable shape. Referring to Figures 4 and 5, one example of these zones are

25 schematically illustrated, and are further described in co-pending application Serial No.

(Attorney Docket no. A-69175/MSS) wherein a wafer carrier with
compartmentalized membranes engages the upper surface of the wafer and urges the
wafer across the polishing pad. In this example, thé compartments or chambers are in the
form of concentric rings and define annular zones whereby the pressure between the wafer

30 and the polishing pad is controlled by these annular zones which are adjacent to the wafer.

Thus, by varying the pressure in the annular zones, the rate of polishing on the wafer

is controlled at localized regions on the wafer corresponding to each of the annular zones.
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preferred for er zones. preferre i ment, the nenbrane
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pol i shi ng. citvalaseprter zogeand thyeq snmulps sanesnic ehes.he wafer a gi ven di stance

anay As the sensor traverses across the wafer during polishing, it monitors the polishing

20 progress in the area of the wafer correspdnding to one or more of the concentric surface
zones. Non-uniform removal of material on the wafer surface tends to occur in patterns
concentric about the central normal axis of the wafer due to the rotation of the wafexi
during polishing. The sensor detects the condition of the wafer a given distance away
from the center, and a similar reflectance measurement may be assumed for all equal

25 radii. Asdescribed in further detail below, this information regarding the condition of the
wafer surface in the different zones is transmitted to a control system to produce a control
signal which then selectively controls the pressure in the corresponding chambers behind
the wafer as needed to selectively reduce wafer level non-uniformity during the CMP
process.

30 Additionally, the sensor is sensitive to scattering effects due to topographic

variations found on the surface material layer on the wafer, particularly when the surface

material is copper, just before planarization or removal of the layer. These topographic
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the corres pggrgelzlﬂ%nrﬁantvpée%r'{ﬁe ideal sensor signal and the actual sensor signal. Accordingly, a

20 threshold reflectance value can be determined for each type of material and pattern type
which can be used to compare against actual signals received during processing. When
the threshold value is met in a given zone, pressure to the corresponding membrane
chamber is reduced or removed to prevent further polishing in that region.

Further, in addition to the threshold value, the entire pressure profile within each

25 zone from the last wafer run can be used to control the next wafer. This control system
is referred to as a “feed forward” or run-to-run” control system. This type of system
assumes that the nesE wafer to be polished will exhibit similar topology and material
removal characteristic within the same location or zone as the previous wafer. Thus, a
similar pressure profile is applied to the chambers to carry out a similar polishing process.

30 Fig. 9 exhibits experimental results for tests conducted using the method and
apparatus of the present invention. Wafers were polished having a blanket copper layer.

The polishing took place until the blanket copper layer was removed to reveal a barrier
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process 20 contFigl 1’phayes a plogk diageansiof on¢ Siamindhotdeentel systerg shat geayshyr 25,
and a wafer_d ta&gﬁe 54, tThe ﬁéoc S c?nLrokl er 50 r.gé:dei vr%grﬂd%tfa OCESS
est abl i shi n§F B POREET SLCHHRE o & GYUPLS[SE! 1S gRppr1scd primartly Of a p

20 controller 50, pressure distribution controller 52, sensor 25, and a wafer database 54. The

process controller 50 receives data establishing the process parameters or recipe, and

sends commands to the CMP machine 56 to control the CMP process. Additionally,

coupled to the process controller 50 and the CMP machine 56 is the pressure distribution

controller 52 which controls the pressure within the membrane chambers in the wafer
25 carrier as described above.

The pressure distribution controller 52 receives data via two routes. First, the
pressure distribution controller 52 may receive data representative of the reflectance
measurements in each of the zones on the wafer directly from the sensor 25. The pressure
distribution controller 52 includes hardware and software configured to receive the

30 reflectance measurements, determine the appropriate pressure adjustment needed (if any)
within each zone, and then sends a signal to the CMP machine to selectively adjust the

pressure within the subject zone as appropriate. The reflectance data from the sensor is



sends commands to the CVP machine 56 to control the CMP process.
Additionally, coupled to the process controller 50 and the CMP machi ne 56
is the pve@sur@2di stribution controller 52 which control BCT/SO4e8sUr €

wi thin the nmenbrane chanbers in the waf er 25 carrier as described-above.
The pressure distribution controller 521%eceives data via two routes.

First, the pressure distribution controller 52 nay receive data

r epr esent at dlsetrafsmitted foeandsipreddn thewaten detgbased4i n each of the zones on the
wafer directly f omtpe sensor di stri |l er 52
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measur ement ﬁuesﬁﬁh%meglforfeaal GRE SoHel ﬂxte%to@é@ﬁx&ﬁé waRdliinabaeesh. MBRESehIGdT any)
wi t hin each zone, and then sends a signal to the CMP nmachine to sel ectively

adj ust the arplthmssnanﬂnmedlm thepmaessmop‘eclﬂeriﬁneﬂa:preaspmedmtmlam@n cditeoller 52.
refl ectance data from.the sensor WO 02/ 10 29 P /USO /2414 tg al so
t ransnit t edThe presspe digpbution, °°‘EtFFé1 ShSOmPaEs t tHERG ?ﬁ'f to fpegfrtug ’t'éq&l e e

embodi ment, e?lﬁ&m%%%fd& RSt Rk t?o r@eé%ﬂllr % z{ﬁﬁ%ﬂds S ﬁhg&?ﬁ%@@ﬁﬂﬁachﬁrﬁr R0 Qégqstval ues

for each of € zones are abase 54, These val ues

are then - traepskireth éRhtdfehdromesssappeopiiat. | additiéhad dathenchaeths prepolish
distribution controller 52. 5 The pressure distribution control]er conpares

t hese val uethickpessiof thecvalar 58 %@E‘Pﬁthﬁ’ past-pplish thickaers @1 the wafer 60Bay basentionsor

25 and send to th ch L& ure in each
of the zone eé{%a?%fg%fi’ﬁﬁ tgtagsmtﬂ&ﬁll hige (I:}g?%érggg&hﬁémfrh Q&E)l rt(%nee%gl i sh

thi cknggs of t hemwabfer efhbdBindi of’ﬂ@ R&Sht iROtRRN, lddelkyassbdeidctivh enayetieer 60
may be sent to the wafer database to assist in det er i ni ng the appropriate

pressure ad}lacdttcrmnmtormd conteo] (VP prdsesh Spedifiedlly, medplbesssivonirehpeonifen,
nodel based de ect Itor and contr.o0 cess.
Speci fical I §ort EF@ t‘H‘é” u%@ﬁ???ﬁetﬂﬁm%essfQ)arralflﬁtgrsrtgaheﬁﬁ %@O%Pu%m of
the CVP pr Oﬁlgéés RB"REIRIRE éffé&l@%ﬁ%‘fﬁ&éﬁt éa%ceﬁabe M RetcRfiGf SRfeniCddsBgbaPst
effective a fsf I clent process. The detection systens described above

f ocus pri maabdvy fasus peinecily mabgﬂemmlymmhtroﬂnggtﬂhmprpsmmrthe zcme‘s keprowide ot 0

provide_for 15 substantially unifqQrm po).ishing of (o] |zed r.egions of
the wal®r. substantiallyyniem ngetthe ?‘é’ﬁ{&@dé?g%@%? ft %WF‘ hi HYS poyu theagi ons

and under-p
control sys?Jéér%ﬁE}\l/ fé’?’ggb?ﬁgmﬁousﬁgég?glsca ter:alr% In the rgﬁe%]%nce si gnal
recei ved from t hEhsmodelbasdbddiesion aiibcbnabbyystent Sealuanssahd anoury afeattéringnd

that the degree of scattering is_indicative of the_ topography of the
surface | ay8rthereflectanqersignphreseivedamdhasentorofis desstibed abeye.dhe BRRYS AW nay

be eval uat e?oung%h gth%rclieﬁreaetolf géatteﬁng is indicative of the topography of the surface layer on
20 the wafer. The extent of scattering of the signal may be evaluated based on statistical
techniques such as determining the standard deviation and the variation in the mean as

well as the shape of distribution. When a high level of scattering is seen the CMP
process can be adjusted to give better planarization. As planarization proceeds, the
surface layer the topographical variations begin to flatten out, and the scattering of the

25 signal decreases. As this occurs the CMP process can again be adjusted to increase the
removal rate of material from the surface of the wafer. These process adjustments can be

made for example, by varying the relative velocity and applied pressure process
parameters, and such adjustments can be made selectively within each of the zones as
appropriate. Thus, the degree of scattering of the reflectance signal can used as an

30 indicator of the material removal rate, and the polishing state of the wafer at certain
localized regions on the wafer, and this information can be used to adjust the CMP

process parameters.



techni ques such as determ ning the standard deviation and the variation in
the nean as well as the shape of distribution. Wien a high | evel of
scatteri mgobzieeen the CMP process can be adjusted to gi PETHSCRN46

pl anari zation. As planarization proceeds, the surface |ayer the

t opographi cal variations begin to fIatt@h out, and the scattering of the 25
signal decreases. As this occurs the CVP process can again _be adjusted to
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each of the |oc egi ons; I ndependent |y adj usting the pressure
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waf er poli |ns at step 1 I ne i ncludes neans for
varyi ng thechaﬁfbeﬁssuateleﬁgazmt omﬂlewméras dedcribetaiaveelt shadd besotedhmbewas, t he
fl exi bl e menbrane having _chanbers that define_zones on.the ‘ivafer as
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provi de for pende zed regions of the
wafer may mheudéged. To provide for [ocalized control of the pressure, and
therefore localized material renoval rate on the wafer, the sensor
position is noni Tepmyida fosiasplizedgonisoled theprowsure, sndiherefore localized material

removal rate on the wafer, the sensor position is monitored at step 110 using conventional
20 means. The reflectance signal is measured and recorded at step 112. At step 114 the
signal measurements are separated into zone. The reflectance signal for each of the zones
is then processed at step 116a-116d. As described above, processing of the signal may
be performed in a variety of ways. For example, the reflectance signal may be compared
to a threshold value or to a pressure profile. Based on the output of the processing of the
25 signal at steps 116a-116b, a decision is made at step regarding whether the pressure needs
adjusting in any one of the localized zones. The inquiry is made for each of the zones at
steps 116a-116d (four zones in the exemplary embodiment), and the pressure is reduced
when the inquiry is positive at steps 118a-118d.
Fig. 13 shows the method, particularly the processing step, in greater detail. The
30 method begins at step 130 with polishing of the wafer at step 132. During polishing, the
reflectance at various zones on the wafer is measured at step 134. The reflectance data

measurements are separated or grouped into zones depending on the position of the sensor
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surface as shown in Figures 14, 15a and _15b has been investi gat ed by many

r esear cher ssndrBpiFeichino, 186%; Byt 19¢53BesmiokHiiinandA88 9pi Zh¢ dRiPATaNt1 963;
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20 understanding the effects of pattern geometry on the surface reflectance by scattering.

Consider the problem of plane wave being scattering by a periodic surface S, where z =
h(x), as shown in Equation 1. Let £, and E, denote the incident and scattered fields. The

incident light (electric) field E,, assumed to be unit amplitude, can be expressed as
E, =expl( sinfx—, cosh2)—iwl; M

25 where £, is the wave number of the incident light wave (k; = 22/4), 6, the incident angle,
o the angular frequency (@ = 27), and ¢ the time. If only the scattered field at a fixed

time is concerned, the exp(-iwr) can be further suppressed for simplicity. The scattered

field E, at any point P of observation above the surface is given by the Holmholtz integral
(Beckmann, 1963)



fornmul ations and their solution are reviewed in this section for the

pur pose of 20 understanding the effects of pattern geonetry on the surface
refl ectanmc@oby7scatteri ng. Consider the problem of pl aneP@rWwsolmRi46g
scattering by a periodic surface S, where z = h(x), as shown in Equation
1. Let E, and E2 denote the incident and2scattered fields. The incident
light (electric) field E,, assuned to be unit anplitude, can be expressed
as E, =exp[(k1l sinB, x-k1l cos91z)-iw4; (1) 25 where k, is the wave nunber
of the incident [ight wave (k, = 2;r/ A ,é{), i ncident angle, wthe
angul ar frequency (co = 2,0, Bi@P)t= \ﬁE —Midgpyy the scattered tj)el d at
a fixed time is concerned, the éexpdxisw) dan bé further suppressed for
sinplicity. The scattered field E2 at any point P of observation above the
surface is gjgyen by the Holmholtz integral (Beckmann, 1963) WO 02/10729
PCT/ US01/ 24146 -22 E2 (P) =1 S1(EJ - (2) A wth t/r=exp(k2r)/r (3)
where r is the distance between the give o&glgrvati on point P and any point
on the surface 5 (x, h(x)), and kWF@‘tpR "Weve nunber of the scatt ébed
wave (k2 =k, = 2gl ). The point P is assuned in the Fraunhofer zone, i.e.
r+ , to focwukeronisthediplandebedechilsy gidensbses atioimpdiet P iiany ppinton thalsudmes. | n
order to solve the scattered field ES in Equation 2, the total field E and
its nodmal @ekdWatndiedEiha vave nhmbboofittie ssatistadfveave (hars &, Hé76kn The peie &l f i ed,
whi ch can be approximated as ("Kirchhoff's nethod") 10 (E)s =(1+y)E, (4)
and aE _ ( lis'aygumddkih. th¢ Frainhofed zoneFi.e.(RT>si,n6 foelisadn) the plane aedBered ®Whveswher e
yis the reflection coefficient of a planar surface, and nis the unit

vect or nor nmathet thankphdrivel engs.f bomderttotsblyeitin ssrttared flelddi, imEquahien Rethk éwali on
coefficient ydepends not only on the |ocal angle of incidence and the

el ectrical fild iits onalidgevaivefiel ondheboundarysytfacg must g can bgsspecified,

pol ar zat i ofy of, Lhe.Lnci dent. ¥eYe; 9oL MRbigai ¥ the surface i's assumed

10 (E)s =(+)E, @)

and

(%f—j — (1~ 7)E,(&, -n)

.
=17 (hsing, 22— cost) G

where yis the reflection coefficient of a planar surface, and n is the unit vector normal to

15 the surface at the interested point. The reflection coefficient ¥ depends not only on the
local angle of incidence and the electrical properties of the surface material, but also on
the polarization of the incident wave. For simplicity, the surface is assumed to be
perfectly conducting, i.e. y=-1 for ahorizontal polarization (electric vector perpendicular
with the incident plane) for the following analysis.

20 Equation 2 can be integrated over a specified periodic surface profile, such as a

sinusoidal surface pattern.

z =Hhx)=(Nn)cosQm/A), (6)



perfectly conducting, i.e. y= -1 for a horizontal polarization (electric
vector perpendicular wth the incident plane) for the follow ng anal ysis.
20 Equat ivemo21awan be integrated over a specified periodi cPeUR@ca14s of i | e,
such as a sinusoidal surface pattern. z =h(x) =(Nnh)cose/A), (6) WO

02/ 10729 PCT/ US01/ 24146 -23 where dh i3 the half step-height and A the
pitch of the features. The scattered field will also follow the sane
period A akgige Hhe the HAlF step-hoiaht sl 4 thdsitoh ofitteepfehthitesd Thb ecattetedifiedd wdlh  t er m
in Equation 2 by calculating the integration within one period instead of
over the efoifolow thefsame peridat 4 aloag thepediteotdn,ivwhichotielp simppifiod thenmtegralipes t hat
the scattered field can 5 be witten as a_ superposition_of the Fourjer
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the direction of the scattered plane wave wi'll be away fromthe specul ar
angl e for |ASASSinfwhidihtheseflettive (schoeriid)engleaifteactentoti¢ 6}, foHows ke mphationr y
direction of each node 02i,, at far field can be obtained by applying
Equat i ons Jgrating Squadioahd 7 into Equation 2 and performing integration over
the surface (-LSx_< L). The reflection coefficient yis witten as a

function of optical propgithes. t atipg_agmdithe | ocal angle o
i nci dence to 15 cal cul at gi]{’%e is(rﬁ@g?'zlﬂ‘?g\n. Wﬁ&!ﬁl’?’"&an be nor mal @ed by
the field reflected on a specular planar surface E20, which defines the
scattering coef fThei zert mdd¢ repRysERo fhe conditivarofispeontar reftestiomgn viluetk el 1963)
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as a function of optical properties of the coating and the local angle of incidence to

15 calculate the integration. The result can be normalized by the field reflected on a specular
planar surface E,,, which defines the scattering coefficient ¢ (=E,/E ), and can be written

as (Beckmann, 1963)

1+cos@, +6,,)
cosb, +cosb,,,

#(6,,0,,,) =—sect, )" J,+Cm) (8)

where J is the Bessel function, =274/ ﬂ(Coﬁ +0032), and n, the residual parts of

20 the ratio L/A. Equation 8 just gives the scattering coefficient at the primary scattering

angle of each mode. For all the direction at angle 6,, the results is given as

. )

J_p(S) + wleomssinhtdt:l_'_ Cz(nl)
/2]

$(6,,0,) = — Sin2np7 secd 1+c05(6, +6,) e’i"”[

. 1
2nsinpr+ cosd, + cosb,

25 wherep = (L/A)(5ind, - siny), S =272\N1/ A(cod, +cod),) and n the integer parts of the

ratio L/A. In the far field (Fraunhofer zone, i.e. ¥ —> ), only one mode of scattered

plane wave can be observed at the given point P (in the direction of 6,), as shown in



ratio L/A. In the far field (Fraunhofer zone, i.e. r->), only one node of
scattered plane wave can be observed at the given point P (in the

di recti ow0b2/0229 as shown in WO 02/ 10729 PCT/ US01/ 24146 PePUSHPIat6 on 1.
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refl ect ancesiRuldPbORfhyd &l of Rsd then Gbijar € of the reflection coefficient, of
the conposite surface at the onset of endpoint therefore can be witten as
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i nterconnects, and R u and Roxide the reflectances of Cu and TEGCS,

respectivel yy fltofifcH kidh deESRY isBBuld be less than unity. If 277L (or A/L) is close to

unity, i.e. the wavelength is close to the waviness of the pattern, there will be one mode
20 only and the surface will reflect specularly regardless its roughness. For the submicron
Cu patterns employed in current design, the reflectance measured at the onset of process
endpoint by a light source with comparable or larger wavelength essentially will indicate
the Cuarea fraction only. The slight surface topography due to overpolishing and dishing
will not affect the reflectance significantly. As shown in Equation 2, the surface
25 reflectance R, proportional to the square of the reflection coefficient, of the composite

surface at the onset of endpoint therefore can be written as

R=A.R, +(1—4;)Royy (10)

where 4,is the area fraction of Cu interconnects, and R,, and R,;;. the reflectances of Cu

and TEOS, respectively, in specular reflection.



WO 02/ 10729 PCT/ US01/ 24146 -25 The sensor |loci on the rotating wafer
surface can be determned by the relative velocity of the sensor to the
waf er andvohy1i72¢ tial position of the sensor, as shown i nPCEgS@i4o 3. The
relative velocity of the sensor on the rotating waf-er can be obtained by
the two steps: find the relative vel oci2y-of the sensor to the stationary
X, Y coordinates 5 fixed at the center of the wafer and then performng a
coor di nat e t r ansFhsrsensdrdecivin the roteingwafer surfase ogpbe deteoninet by therrelatiye| oci ty
conponents for .th ensor, . Vxs, d vys, .and, the wafer, vv,, nd vy , in
X Y coor di n‘??‘écétycogﬁﬁ%ﬁer’éQIEJFoeﬁ?e‘ﬁg@E a‘%‘xﬁ\fﬂnﬁtlﬁl ?‘?Sé%?neog.ﬁle\/sf?sof’ 3 s‘?‘8‘|3’n§|xn((
pt+Bo(11a) §¥afibg WP TROR)Sivie ¥ecity bf tHe)sensh? oA Bk ¥tafing wafdr ddn be bbidined B9 (12a)
VY,w =CO, (r, co9B-r") (12b) whére rs is the offseg of the sensor fromthe
center of tthe tywb sieps find the rdliteveofelavitly ofthet deasordethestatiafary WeYwadrdmatesd t he
pl aten, co,, and wp are the angul ar, velocjty. of the wafer apd 15 the
pl at enS andtixadrd theegnterpt tﬁﬁé" fad theg qu%qnég&%Foqrgln@%trgpsgog@@mq]gftg_ I n
addition to r i - 1 n i; sl tively
o the pat A iegl Piné 8afk kfiol "TAE SALLERdnn L fr BUershE Ve Bl e
the entire (hasvast) ¥,3cend WQJ inSX;ripédotdihytes ¢dn besexpasssadasdhbwatin Figaresdeepi ng i s
al ong the Xcoordi nate. Therefore, the conponents of the relative velocity
of the sensor to the wafer, vXR and VYR, jnX _Ycoprdi nates can be witten
20 as VX, R =vv, -vxw =[ rcop s‘i’m(?i—ligﬂflpﬁ@@é”ptr‘&@q FrRasi n0 =-rs(wp (112)
-ww) si n( Eopt +00)-r,, (13a) and VY, R=vv, -VYwW=r1 s wp cos
t+00)-w,,(rs cos9-r,,) WO 02/10729 PCT/ US01/ 24146 -26 =rs(cop
-cv,,,,)cos~vpt +00) +coW ~~ (13b)vY,g'Ehn;chms@t-i-9y) conponents can al(smb)be
represented in terns of a rotating cobr di nat e system (x, y), with the
origin@ | ocated at the center of the wafer and rotating at the sane

a

angul vel B¢ ty co,, as the wafer. The velocity conponents on the rotating
5 coordinates, Vx,R and vyR are given by the coordinate transformation
rule : Vi =—T1,@, SN0 - (122)

Vy,, =0, (F, COH-T,,) (12b)

where 7, is the offset of the sensor from the center of the platen, r,. the offset of the
" centers of the wafer and the platen, @, and @, are the angular velocity of the wafer and

15 the platen, and @the angle of the sensor with respect to the X coordinate. In addition to

wafer rotation, in practice the wafer may translate relatively to the paten center, so called

sweeping, with a velocity i'cc to utilize the entire pad surface. For simplicity, it is

assumed that the sweeping is along the X coordinate. Therefore, the components of the
relative velocity of the sensor to the wafer, vy and vy, in X, ¥ coordinates can be written

20 as
Vir =Vis ~Viw =70, sin(a)pt+n90)—i;c]+;;a)w sind’
='7; (a)p _a)w)Sin@pt_i-eO)—f;c (133')
and

Vyg =Vy —Vy,, =H@, €Ot +6))— @, (1, coP~7, )



Vx, R - Cosco,,t, slnn,,,t TW,R (14) vy,RI '[ - s no),,,t COSWMt vy R
and can be witten as Vx,R =-rs(con -co)sin((op

- Cow) t +08ye02/107®/, ,, S111t2)"j-1 co" ,,t (15a) Vy, R =rs(WpCTABicas{o( op
-WWt+00)-1-r,, pWCOSV+i Sill)" (15b) 10 Therefore, - the displacenment of the
sensor on the wafer with respect to the 2potating x, y coordinates is given
by integrating the velocity in Equations 15a and 15b. x= J1, Rdt rs(c)p
-W,,,) Jsinfto p-wNt+00]dt+coK, Jr CC sincomdt- f i coswidt (1l6a) vy =
fV)/jdt 15 =rs(wp -OW f costibg, ~@,)cosepbtb)+m,7.f rcccOSwt di + (13b)
Yccsinwdt (16b) To sol ve Equations 16a and 16b for the position of the

sensor on the wafkdse SH16AEL codporfenth Mﬁﬁarsbra% re%rés@ﬁt‘éﬂeih t‘éﬁﬁéj'of'aofbte{ﬁ#gt be
pr escribed. It is conveniént to assune that sensor is initial

| ocat ed at tduediealgeysitre (waf.ewith thietdriginal lucaﬁedlat ﬂnngbmeﬂof the Naferresd)mtatmgo t he
fixed Xcoordinate. For sinplicity, it is also assuned that no sweeping
not i on occugishe sanpoangyiar yglogHy arw as the wafer, Thovelogitypozenongets opee mtatigr of

sweepi ng notion on the sensor traj t fer can be negl ected

if the mebﬁ%@“@t@f Jek Y@q’rﬁéwelf‘g’\xéﬁ ‘%lor?é‘ﬁ tﬁirap?fﬂ’ér?al cities of the

wafer relative to the pad. Wth those assunptions, the position of the WO

02/ 10729 PCT/ US01/ 24146 -27,— eﬁ; r on the wafée ca}r; be expressed as X =r'
2

cosrto- -COnt+80]-r',"' CO8 )Cos@afrssmm{ (V= ,")t+90] +1 iyy
(17b) As long as the condit gne t , cOSW, oL Jw i s the radi of the
wafer) is satisfied, 5 the sensor is | ocated i nsi dé t he waf er/ pad contact
interface. 3i He 't‘(@lfaesr is faced -against "the -platen in polishing, the
sensor trajectory given In Equations '16 and 17 is observed fromthe wafer
back-si de. The traj ectory on the front surface is symretric to the results

from Equations 161gpes-E{ayi-+ )Siﬂliﬁ@?t—wwgt+ﬁ@),frq‘%a)v§smm}eﬁ@bem;ngul@sa)

vel ocities of the vvafer and th en are equa co,, =
Equations 17a and 17b can be further sinplified and the | ocus of the sensor

is an arc with o =@, —@,)cos(0, —@, )t +6))+1, @, CO, £ +7; Sinm,f  (15b)

10 Therefore, the displacement of the sensor on the wafer with respect to the rotating

x, y coordinates is given by integrating the velocity in Equations 15a and 15b.

x= J.vx, R4t

=r(@,-0,) jsin[@)p - Xt+6,dt+ao, J.rcc sinw, tdt— Ii;c cosw,tdt (16a)

y= jvy, 20t

15 =r(®,-o,) Icos[@p - )+6,ldt+o, _[rcc cosm, tdt+ jfgc sinw, tdt (16b)

To solve Equations 16a and 16b for the position of the sensor on the wafer surface

at a given time, a initial condition must be prescribed. It is convenient to assume that the
sensor is initially located at the edge the wafer, with a initial angle 6, with respect to the

fixed X coordinate. For simplicity, it is also assumed that no sweeping motion occurs in

20 polishing, i.e., f;c =0. practice, the effect of sweeping motion on the sensor trajectory

across the wafer can be neglected if the sweeping velocity is much lower than the liner

velocities of the wafer relative to the pad. With those assumptions, the position of the



the radius equals to r,, and centered at (r.,cos6 rsin0O,) relative to the
rotating x, y coordinates. (x-rs cos®)2 +(y-rs sind4o0)2 =r~C 2 (18) Wen
t he angulveo ovel7eci ti es of the wafer and the platen are theCrasw,/2414e sensor
15 enters the wafer/pad interface at th27sane poi nt- on the periphery ofthe
waf er and almays produces the sane | ocu§'on the wafer surface, as shown in
Figure 17. ﬁgra gl ce t he an?ula vel ocity of the wafer nust be slightly
of f set frorﬁefl ¢ Wt g2 R exeisedhsor can scan over the entire wafer
surface in dlfferent radlal dlrectlons Figure 18 shows the sensor | oci

for the conditions, wwv = l;@éﬂ%%% &, )t +6), cﬂ~b6 i ch twenty | ?ﬂglca

| oci 20 start fromtvventy equally sﬁace p0| t s“on e periphery o

waf er edge, respectively, and repeat edly if no vvafer sl i ppage occurs.
illustrated, the sanpling densjt h r at the center of the
wafer, but lower at the edg& v%@ﬁ?a[\gfmr@w +e‘gl1%rre ted. The | okéfb)

sanpl i ng density on the edge dies mght result in bias inference for the
overal |  surf acAsdenghstthexonditowx-6’ desi(gheret,, sdiresadiub ofthe mfes)aisrpdtisﬁemough

data on desirable . 25 surfac rea Wi ll_ be discussed |ater in det The
surface condif SPERE ipkocatsd ipmde 6dY?rfF‘i41§f‘dp‘EﬂrF%°ﬁi1W§ﬂ%°§n %Bcees@@r\%?é?rela ﬁqeém t he

real - time [gf s{"fte %&nqﬁt‘gg}x% 1 %ﬂsﬁfﬁ&%ctﬁgp}g% fin ¥ uét n§r16tz¥h[%he rface

condi ti ons 1Hclu ’and m n| ues ange,
the mean V%Bé;@rvetl fﬁewﬁfd\ﬁdfemuckisine. mewebwenmﬁ&mﬁﬁéel%ymné&mﬁthape of
the distribution of the reflectance data, etc. Three |levels, including

waf er- . di ethe serylts SpneBquagions Uhandel 1 withrespest t teo #68-i on can be obt ai ned

f he d f h h
compar ab eaé?sim%tie%ﬁéhaq T R R
i TeSiPNS Pl Bl AONAI5h San SIRKELS Sor A Y IUHRL HEBSUSTRNL B

represents ance on area on th
vafer, frommuihels eaﬁﬁs 65 amR deRRAG ap@eo@o%@ae ﬁ&aamté %Cfﬂe%ta@lﬁ

|nferred Inreality, howeVer, it 1Is ficult to map the measur nent
resul ts onteoirdieatexact Iocatlon of a particular device or pattern 'because
of wafer slippage inside the carrier. The individual datumonly can be
mapped onto the surface within a gr $S defbafgzareﬁ Simlarly, the
die-level 10 information may*b& @B ddé’ n=fhe sanpl es al ondlY
specific segnent(s) corresponding to the die location on the Ioci.

However, it may vidnythe @igllhyvelQiti@SsMhe Wafkr abdl tHeaslfteh aittthe kdhe, \Whd §Hnbort he
vicinity of the interested die region. Fortunately, the poli shing results

for the di eenters thewafer(pasl intefacmsatilee same peitfton thepariphenyafpheovaferandalvays t he

produces the same locus on the wafer surface, as shown in Figure 17. In practice, the

angular velocity of the wafer must be slightly offset from the platen so that the sensor can
scan over the entire wafer surface in different radial directions. Figure 18 shows the
sensor loci for the conditions, @, = 1.05 @, and r, = r,,, in which twenty identical loci
20 start from twenty equally spaced points on the periphery of the wafer edge, respectively,
and repeatedly if no wafer slippage occurs. As illustrated, the sampling density will be
much higher at the center of the Wafer, but lower at the edge where more dies are located.
The lower sampling density on the edge dies might result in bias inference for the overall
surface condition. How to design of sensor loci to sample enough data on desirable
25 surface area will be discussed later in detail.
The surface conditions of the wafer during polishing can be extracted from the real-
time reflectance data. The statistics employed to infer the surface conditions include the

maximum and minimum reflectance values, the range, the mean value, the variation, the



simlar trend. Hence, data fromw thin adjacent dies at the sanme radius
sonetimes may 15 be conbined to increase the sanple size for the die at a
particul avopzdi7es to el uci date the spatial dependence of Parwsei/Ali46r erroval
in the radial direction. Mreover, the wafer-Ilevel .information can be
retrieved either froma single scan or2&ultiple scans across the wafers.
In the practice of endpoint detection, it is preferable to take enough
sanpl es fr chapadfithedistriboton efthe teflectahes data.fetg lhemlgyels, orcleding wafespdes-fi ¢ 20
region or even on the entire .er _surface can he termned fr this
conbi ned (d‘ffl3 deyigsi %Toﬁuggﬁalﬁ‘éf‘ée? intopga et s t%EP%‘F ﬁﬂ‘ﬁ‘l @9@%?5?@@%?%
uniformy the o? MGefSHr chb&n thafft $&oniHafsb10br SRR tBen he ButlBe drd3kBik sAN t he
surface. Therefore, a higher Pevel-of I'nference can be achi eved. The only
concern i s it latdee tisanr dimeasiomnefiihiecoonnets.c Thergfors,i apnindiviohmat gasudementg a

| ong sanpling period of nmultiple scans, This may affect the reliabjlity of
t he 255i nf SPERRaatsihe reflacianeomiie gReciilg walmpﬁ&ggraﬁwapgé%%fﬁr,?r&mw C.h I n
order to eljmnate thi . ' | I pyed to
st mat ot HE BB S g ey L INAL rog ISP LA B BXEHEE AN TR IR RERL BP0

the waf er stiffcafeo aRpehPRbasdlcMieRnresENOOnIb ki exactIodinos of 4 particetht éoticemre
sanpled at thej-th point along the locus at the i-th tinme period, each

tinme peri odakterndopsaisetaf wafer dippageiingids the asmiery dlglindivignalglatysn gplyrcanibe
denoted a ... f 30 total n poiLnts are t n,al on acgh.l o . 1 nmean
reflect aniéé%l?p@ﬂg(”%tﬂethfaosé‘ﬂ%’c%t I'S’Iﬁré alsg’i%selyp@?l}fngg,a@?'? éfeigl%ﬁ{l?;’eﬁ%zgle\'l%sel
02/10749 P%fo%@&é@%é;f be” 319caifﬂe€fiba@'d Oh%he Sariplds BUPROS @pbiific NeERRA(Sf | OCi

to cover the entire wafer surface or a area of interest is w, the noving
aver age of donessmamndig toghe dié loeaticurmehatoct. FEoweveh ifpaay endy ravighlyirsprgednt thed as
M=xi + xi-1 + ... 4+ xi-wl (20), .w 5 That is,.qt the i-fh ti peri od,
the observea¥Fgae cppdjiipn H‘é‘tm’é\ﬂé"sf’%cgﬁ@ %EQW H’ﬁﬂeﬁt%?{lepfe&ﬂnou omage)qy’sﬁ?ns are
enpl oyed topoefi?ﬁfngq‘%s%h%.g& (HEds 5iGhd eaﬂa&f%xsgé e ht’éfevég'?t)?cén bk AR

I Nt er &st . us, erre

surface of e surface condition In fromthe

r ef | ect ancesimileagerE MEaics, anfroe wiftdahdidcent dieg asthasamé cadivwconetienesimay s
about 10 scans to have the sensor cover the wafer at the con?i t.ion of cow
=1. 05vk5. | fbegembined terinergass tha sample sizg for theide plapastiglagadingto dlecidag thegy er

the entire SuklAfSenddlod Bt GieliliGenB6iTn 1 AP aéifiohe! ative to

Moreover, the wafer-level information can be retrieved either from a single scan

or multiple scans across the wafers. In the practice of endpoint detection, it is preferable

to take enough samples from multiple loci so that the surface condition over a specific

20 region or even on the entire wafer surface can be determined from this combined (or
"pooled™) dataset. The more loci are employed, the more uniformly the samples and the

larger size of samples can be taken on the surface. Therefore, a higher level of inference

can be achieved. The only concern is that the surface condition may change significantly

during a long sampling period of multiple scans. This may affect the reliability of the

25 inference and will delay decision making and feedback control. In order to eliminate this
drawback, the moving average method is employed to estimate the average reflectance

on the surface. The sensor scans across the wafer surface once per platen revolution.
Suppose the reflectance sampled at the j-#k point along the locus at the i-¢4 time period,

each time period is equal to the duration for one revolution of platen, is denoted as x;. If

30 total » points are taken along each locus, the mean reflectance along the locus at the i-th

period, X, is given as



the wafer, and 16 second to rotate back to the first |ocus. The noving
average can capture the change of surface reflectance due to both the
change ofwa@uoriwme®e t opography and the change of Cu area fPracwsarm4ne hin a
short period, in this case | ess one second. However, it may still snooth
over the rapid change due to the partial9oxi de exposure on small 15 portion
of the wafer surface near the onset of endpoint by averaging the current
data with the previous data (which is taken across 8 seconds in the
exanple). On the other hand, the (total) aariance of the surface
reflectance at i-th time period,, cgr-be @sti mated based on the sgag

pool ed dat aset enployed in the noving #vy&rage. n (x1li -M)2 20 S2 = i-wtl
j=1 (21) N1 where Nis the total nunber of sanples in the noving average
subset (N = wn) SugftRe tiat imbey af loahtecover thaleatitcatafdr hakedoomarchef tderksit i on
of the reflectance at each sanpling point relative to the taotal _estimated
mean of t hdsenthemaoviag ayerage afitee sammlmeaeectanse et bgd-th ppriads Mids deflgdast ed by
the noving average. In addition to the (total) variance, the variance al ong
WO 02/ 10729 PCT/ US01/ 24146 -30 each |ocus, the range of data, and their
maxi mum and m ni mum nust be tra tbxas'bi st X-isdentify the rapid g@nge of
surface refl ectance at the nonent Wnen bargpier or oxide layer exp

can be enployed to determ ne the percent overpolished area on the wafer
surface at the f 23%% t he
dat a cgn be usegﬂgtlg atg{gtq et??nﬁﬁe Ogﬁggb?)ér?e?%&%gol Fﬁ%@és’égﬁdﬁ%@ge t he
skewness ofpretidusiape- 19k bledhiployeditdegtinhdts thiemgeanaefldseancoofihe entiraiwafert he

t heoretical value at end-point, which can be _estinated based on the given

pattern | ayethesyefaeent Httell@ﬁtnemsb the surfase gendifipn ipfgrred frogy therretlsctaneecan pe

Ty S ptakteidn e e Bk B0 oERY 195 RENEA Dok REane hlfiee e
st andar d deé@n%ﬂ e {hetv&bﬁexsﬁ ditiod@fras et 1. ost thtﬁ@ 1aR% 188 ABLeeh, fitr om

one | ocus or |t p | ocr, |c‘ff;l can be "cal cul at ed ?r om Equati ons 19, 20,
and 2110 The@EeSSS kbisdsit6 Scanavrerths entire saqfde] mdvlich tHedowlis eothtey £80° relative to

the wafer, and 16 second to rotate back to the first locus. The moving average can capture
the change of surface reflectance due to both the change of surface topography and the
change of Cu area fraction within a short period, in this case less one second. However,
it may still smooth over the rapid change due to the partial oxide exposure on small

15 portion of the wafer surface near the onset of endpoint by averaging the current data with
the previous data (which is taken across 8 seconds in the example).

On the other hand, the (total) variance of the surface reflectance at i-th time

period,ls;2 , can be estimated based on the same pooled dataset employed in the moving

average.

Z Z( i _Mi)z
20 N s @

where Nis the total number of samples in the moving average subset (N = wn). The total
variance is calculated based on the deviation of the reflectance at each sampling point
relative to the total estimated mean of the entire wafer or the surface of interest, which is

estimated by the moving average. In addition to the (total) variance, the variance along



estimati on of surface condition. For instance, data taken within a specific
range of radius (a ring region) can be conbined, the sane statistical

met hods oe@obe7enpl oyed to 15 estinmated the surface refl eeCous@/@ver t he
specific area. The effectiveness of each of these .methods on endpoi nt
detection will be exanmined in the discud®ion section. The follow ng
experinments are provided for illustration purposes only, and are not

i nt ended t ceath hicts, thegangeoyfdataf artdtheir masinaim ﬁm‘ﬁ) mirgmyinyEyst batragiadite assissensor

o o e UV A R S N T
enpl oyed f Otfxgggets? Gf éé?%}eé Q‘E%lg%}?fot &é?é%ﬁlin@fl}etﬂ%ﬁcem@érpcﬁiéhé@ﬁl%ﬁ%&E@w@ﬂart he

surface ref tance. I cati ons of 'the sensor are isted in Table
1. Tabl e 1:sufhecitftheatd afithe pfoctdse Adfitiandlgnthe distriimdion of thedatSpachd usedt i on

25 Light S H gh Intensity LED Wavel engt h 780-990 (=880, 6=50
Spot  DametierlorT e hagegia PHLE Sk Soe oot Sepereat P B RiBoRn)
0-6.35 30 Stability (9% <0 1% | : 20 WO
02/ 10720 Pt USRS £ e Dupiied MR ol BRYANEY: RREBREMERTChn B0 e

| i ght sour cQiirraasasdd SMhé Eved Pattcre 1BRAt v senbérkifern®is. areuleénfid ofr n and
standard devi ati on about 60 nm At the sensor tip, the uncollimated |ight

rays di ver gékeantssed cinfhedomtdia rargynsatistics feltsy and maybeodéfinedtas €Sachs,| 1982k d

light within the area with the sane dianeter, about 1.6 nm of fiber bundle
5 is received. The particular spot size was chosen so that it is small
enough to detect different surfaceeéor&ﬁct—ii)ns on different patterns
(sub-di e areas) on the wafer. Howev ,=_|$'|s | arger than the indi “ual
line or feature to even out the small vartTation of reflectance due to

| ocal (sub-devicelevel) rapdomess of material renoval. Because of the

di ver ggnce Qherkleisth@hifeal &8 Me rhbdars 8id S the amphySiridardeddvintionef gaseleetedeen
the tip and the 10 targeted surface. Figure 20 shows the characteristic of

the sensor @it iwhidhelah®6taingtdd #6m chellodusOf nultiflalei, sdrictespdedaloglated t he
gap distance. In practice, the sensor was operated _at a_ distance of around
5 mm so t hafrompBquatinaoi 9,25 sod 24 | These statistigssean; ajgo be appliedsio; the die-level

estimation of surface condition. For instance, data taken within a specific range of radius
(a ring region) can be combined, the same statistical methods can be employed to
15 estimated the surface reflectance over the specific area. The effectiveness of each of these
methods on endpoint detection will be examined in the discussion section.
The following experiments are provided for illustration purposes only, and are not
intended to limit the scope of the invention in any way. An optical sensor unit (Philtec
D64) composed of light-emitting diodes (LEDs), bundled glass fibers for light
20 transmission and receiving, and an amplifier was employed for detecting the conditions

of the wafer surface based on the surface reflectance. The specifications of the sensor are

listed in Table 1.
Table 1: Specifications of the reflectance sensor.

Item Specification

25 Light Source High Intensity LED
Wavelength (nm) 780-990 (1=880, c=50)
Spot Diameter (mm) 1.6
Light Beam Spread (°) 30

' Operation Distance (mm)  0-6.35
30 Stability (%) <0.1% full scale

Frequency Response (kHz) <20



change of gap di stance during polishing or the surface waviness of the

waf er. The sensor unit was installed on the platen base with the tip
enbedded woast/dg2a 15 hol der through the pl aten. On the ppCYUSErNIasse
pol i shing pad-stacked on the platen, 5rans|ucent~mﬁndom1nade of plastic
(Rodel JR111) was enployed to enable tﬁ Sensor view the wafer surface.

Th t | f th d h | t th th d
T ot St ha oo fAspBowh 1 Bgurs tate spesterhedbe L EBR R 'ac?éc?éygees"%qm TRanmog; Pt
the pad S”{Qliébe%rg“%tﬂ 20001 m%pﬁgg aPaRlard BATHIGR B 6 .' ASRieng

uni formty SEnsor was 0 a power supp an

acqui si ti 0ns@‘s&{tﬁinh\éMﬁcdlhﬁafeﬁﬂ@hyra@@dﬁbtg@@utwéf@&omlhé)uhnsimgﬁ'ad:rs \md only
anplified before the coup lln{gm to enhance the signal to noise ratio

Addi t i onal | the reftectsdflight wethinghe alwa\m@a tbmﬁm@m@f@r R @ mopof § h@lﬂa\@éle

refl ectance. of th ol es h e ngs
wer e utf16l i zBd® ?%V%lr nf}& Pﬂgaﬂ oﬁrﬁfﬁec‘gasd‘d’é) S'fgnogcf ﬁ’g?gc}f a‘{'ﬂat(ljlne m)gil1 g?\ do%gﬂ

waf er carri gffeadfsirhiRe Boithidhs oﬁhﬁffa@ﬁﬂ paktehs BfubZfe hlkts) DANBOWaRR HEReWRS er
were determ ned based on the angles of both the rotation of wafer and
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Pressure (kP&w th8wafer surface. The material of the window has similar wear properties as those

of the pad so that the surface of the window remained at the same level of the rest of the
pad surface and did not affect the sensor measurement or polishing uniformity. The
20 sensor was linked to a power supply and a data acquisition system via the rotary coupling.
The output signal was amplified before the coupling to enhance the signal to noise ratio.
Additionally, an off-line set-up was employed to measure the surface reflectance of the
polished wafer. Two rotary stages with angle readings were utilized to mimic the
kinematics due to the rotation motion of the wafer carrier and the platen. The position of
25 the sensor on the wafer were determined based on the angles of both the rotation of wafer
and sensor arm and the distance between two centers of rotary stages. By comparing the
measurements from the this set-up to those from in-situ sensing, the effect of slurry and

wafer slippage on the reflectance sensing may be identified.
Both blanket and patterned Cu wafers were employed for experiments to verify the
30 capability of the sensor and to determine the detection schemes. The blanket Cu wafer
was composed of a 20 nm TaN barrier layer and then followed by a 1 um thick PVD Cu

coating on a Si substrate. For the patterned wafer, a tested damascene structure was
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In this section, experimental results of blanket and patterned Cu wafers are

examined to study the characteristics of the reflectance sensing technique. The
reflectance of a planar Cu area measured in polishing may deviate from the theoretical
value due to surface roughness, slurry particles, variation of gap between the wafer and
25 the sensor in polishing, and random noise from various sources. Variation of surface
reflectance due to these effects is studied based on the measurement on blanket wafer
polishing. Additionally, the surface reflection in patterned wafer polishing is affected the
surface topography in the planarization regime and by the area fraction in the polishing
regime, which significantly contributes to the variation of measurements. Both off-line
30 and in-situ measurements were conducted to study the effects of pattern geometry and Cu ,
area fraction on the reflectance. These results are compared with the reflectance from
light scattering theory with the assumptions of single wavelength, plane incident wave
and periodic surface structure. The characteristics of reflectance across the wafer or a
desired area during polishing are examined to correlate the measurements with different
35 regimes of Cu CMP. These will help establish different schemes for in-situ sensing and

endpoint detection.
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20 the increase of the Cu clearing. Until the majority of Cu was cleared, about 6 minutes,

the standard deviation kept decreasing and the mean gradually reached a lower level. The
harder TaN barrier acted like a polishing stop and retained a low level of variation of
surface reflectance after all the Cuisremoved. After overpolishing for two more minutes,
the TaN was polished through and the mean reflectance decreased further.
25 Off-Line Measurements on Patterned Wafers.
The effects of surface topography on reflectance are shown in Figures 19 and 20.
These data were observed off-line on patterns at the center die with various linewidths and
constant area fractions of 0.5 and 0.01, respectively. The normalized reflectance is
defined as normalizing the measured reflectance on each sub-die by the reflectance on the
30 unpolished blanket Cu surface. The corresponding step-height evolution for these
damascene structures (sub-dies) is shown in Fig. 21. To extend the planarization regime,

lower nominal pressure (28 kPa) and relative velocity (0.46 m/s) were applied than those
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20 were less than 100 nm after polishing for 5 minutes, and the normalized surface

reflectance for various features reached a similar steady level, about 0.85, on the tested
wafers. This implies that the employed optical sensing technique is less sensitive to the
small variation of the surface topography. The reflectance for the patterns of 0.01 area
fraction also dropped to about 0.1 due to the increase of surface roughness and then
25 remained at the same level of 0.9 till the surface was planarized. Since the area fraction
is small, the surface reflectance is not significantly affected by the evolution of the pattern
topography, and the measurements are similar to those on a blanket Cu surface.
Figures 22 and 23 show the trend of surface reflectance of various patterns, with
0.5 and 0.01 area fractions, in the different process regimes - planarization, polishing and |
30 overpolishing. The corresponding evolution of dishing is shown in Figures 24 and 25,
respectively. The pressure and the velocity applied was close to the industrial practice of

48 kPaand 0.79 m/s. The surface topography was planarized on most of the patterns after -
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20 of the step-height. Hence, the variation of the reflectance in this regime was mainly due
to the different area fraction of Cu interconnects. The areas with higher area fraction
generally are more reflective. However, the experimental values were lower than those
of theoretical prediction of reflectance for all patterns, especially for those with high area
fractions. The theory predicts that the (normalized) reflectance is about 0.62 and 0.24 for

25 the patterns with area fractions of 0.5 and 0.01, respectively, in which the Rzzo¢/R ., ratio
0f 0.23 is assumed based on the experimental measurement on blanket films. In reality,
the light transmitted through the oxide and reflected from the underlying Si substrate may
be blocked by the Cu fines, which decreases the intensity of reflected light from the oxide
surface and reduces overall reflectance of the sub-die. Additionally, scratches and less

30 reflective Cu oxides (due to corrosion) were found on the surfaces of Cu lines, which also
resulted in a reduction of surface reflectance, especially for the pattern with more Cu area

fraction.
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20 Figure 27 shows the mean and standard deviation of the surface reflectance on the

center die and across wafer on the off-line measurement set-up at different polishing

stages. The effect of different loci is minimized by combining data from several loci, for
instance from 5 different loci evenly across the wafer in this case. The effect of within-

wafer nonuniform polishing on the variation of surface reflectance can be determined by

25 comparing the difference between those two data sets. Before polishing, the mean
‘reflectance across the wafer is higher than that on the center die because of the
nonuniform coating from the Cu PVD process. The step-heights of patterns are found
smaller at the edge dies and thus the average reflectance on edge dies will be higher than

that of center dies. Hence the overall mean reflectance is smaller than that of the center

30 die. Similarly, the standard deviation of the edge dies is generally smaller because
trenches is more shallow due to the nonuniform Cu deposition. After polishing for a short

duration, the overall mean became less than the average reflectance of the center die. This



refl ectance across the wafer was al so greater than that of the center with
the increase of surface nonuniformty. More barrier and oxide |ayers were
exposed amaoprwey essed from5 the edge toward the center RCTASeIR@146nCr ease
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patterned Cu wafer is shown in Figure 28. The y-axis represents the raw
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surface roughening. Then it started to increase until reaching a constant
| evel ar ounBrogessieRdR@ntaf t er the surface had been planarized, as discussed
in the garlieg. agr.aphs,. [ ] es, the nean dropped agai n because
of th]efexp%IlSsﬁt-@MUqagﬁgS%qn?ﬁa%_meﬁaﬁgé%ﬂ nce the Cu was renoved

nonuni for m y dueardt &aidpe SQnisith heaburBbhtnbattaed Cudidfet ib €horad indtip@e 28f t he
coating thickness, the underlying oxide was gradually exposed on the

sur f ace andTheg-awisagpreieospheravedata of maphlizedsnpacergilogtancedahigh isglelimed peci fi ¢

di e, h th t die in.t. ' le. .Th t of
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20 angular velocity of platen by 5 percent (@,, = 1.05 @,) so that the loci covered the wafer
surface. The moving average of the reflectance for ten passes and the standard deviation
based on the pooled data from those passes are shown in Fig. 29. Compared with that
from the off-line apparatus, the reflectance measured in polishing was lower because of
light scattering by the slurry. It dropped approximately 20% to 25% in the planarization

25 regime, but less significantly in the overpolishing regime. The mean decreased slightly
right after polishing because of surface roughening. Then it started to increase until
reaching a constant level around 1 minute after the surface had been planarized, as
discussed in the earlier paragraphs. After 2 minutes, the mean dropped again because of
the exposure of Cu on the surface. Since the Cu was removed nonuniformly due to the

30 initial pattern layout and the variation of the coating thickness, the underlying oxide was
gradually exposed on the surface and the mean dropped less steeply compared with data

on a specific die, such as the center die in the earlier example. The onset of wafer-level



slower rate, after the endpoint with the gradual increase of surface
roughness due to overpolishing and dishing. Since the effect of slurry and
the | ack vob owlgae sign for endpoint indication, the neanPCRUS@r4y46ser ve as
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close to 25t e rou sur ace icates t the reflective Cu
and/ or Ta b&poigaphy ayle;uﬂ”aedmhghenm ﬂmaiﬂltyalshnpebfmlammwtmeemdiﬁémmﬂm
maxi nmu the standard deyiati on decrease quickly wth the |ncrease of area
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in the previous o ne neasu erren varil a I on e Ssu
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However, since the resolution of the sensor is limted by the spot size,

it may not b@ldp‘éﬁlsatlihlé stage & simgler methgzt o arbdanket wafer.sFag varppdionieé Qflecﬂlrfﬁ%ﬁt al's
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20 measurement and thus represents a normal fashion in Figures 31b and 31c. The

maximum variation of the reflectance occurs in the middle of Cu clearing regime, at about
3 minutes of polishing in this case. A broad distribution with two peaks is observed in
Figure 31d. The subgroup of surface reflectance centered at a lower value represents the
subdie area on which the oxide is exposed. The other subgroup with the mean close to
25 the rough blanket surface indicates that the high reflective Cu and/or Ta barrier layers still
partially cover the surface. After the maximum, the standard deviation decrease quickly
with the increase of area of oxide exposure. At the onset of endpoint, he standard
deviation reach a sharp turning point and then remain at a low constant level. As
observed in the previous off-line measurement, the variation of the surface reflectance
30 reach a minimum when the high reflective Cu is cleared. However, since the resolution
of the sensor is limited by the spot size, it may not be possible to effectively detect the

small patches of metals on the surface. In practice, a short period of overpolishing may



be applied to ensure that all the Cu/barrier materials are renoved. After
the endpoint, the standard deviation is determ ned by the designed pattern
| ayout (Ivo@at/10@e area fraction) which affects the skewneBeT/oRotXIes6
distribution. Therefore, the variation of surface reflectance will not
change significantly with the small vard@tion of surface topography 5
resulting fromoverpolishing and di shing. Locus Design and Sanpling Pl an.
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variation of reflectance due to the nonuniform topography, Cu area
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r,,, the se r ter die wth nmultiple scans but maybe
with only Locts %%rméﬂm%ﬁbne or even none. One. 15 way to inprove
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difficult. Inreality, the smallest offset of the wafer and t he platen

vel oci ty i sareafraction3fidithe Bon-sympietrid layout OB asdtieornthiedinenzatids, thdgendorslpeusc e

bet ween centers of the wafer and the platen rs may be changed during the
pol i shi ng. Fietsrmingd byitheparametss ofify dadl-nddwe Fobape gonglitignsegich raé&leon on
the wafer surface, Figure 32 shows _an e arrple = 1.25reCwth co" =
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entireisaf efa nﬁﬂm‘&@tﬁe B@fplirg dehsityoor v ghgydie cb&bemmaaetﬁehﬁmméeoﬁlbbl qurface
condi tion, then the area at a particular radius of interest can be scanned

with a hi gh’&:le vaderlyiredpcitenthe offsdt betwaei ef, bed o). flewvevecghisfwill rerdase thie time
condition. 30 Moreover, two Oor nore sensors can be installed at different
radii rs anperifdste é@a@mneaﬁmlét@weeﬁwmg@uﬁeqv @édhuaszm&méelaymde@ﬁa%? on
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translation inside the recess, will also make the control of velocity offset within a small

20 range very difficult. In reality, the smallest offset of the wafer and the platen velocity is
about 3% to 5%, typically.
On the other hand, the distance between centers of the wafer and the platen r, may

be changed during the polishing. This “sweeping motion” may help cover over a desired

region on the wafer surface. Figure 32 shows an example atr,=1.25 ., with @,,= 1.05 @,

25 and 7,, = 0, in which only the outer area is sampled. Compared with the high sampling

density at the center in Figure 18, the sampling density is much higher and uniform
around the edge now. In practice, the entire wafer may be scanned first to roughly
determine the overall surface condition, then the area at a particular radius of interest can
be scanned with a higher sampling density for a better inference of the local condition.

30 Moreover, two or more sensors can be installed at different radii , and different angles



di stributed sanpling density of both the center and the edge region.

Anot her inportant paraneter for designing the sanpling plan is the
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material regpval between different 25 patterns on a die will remain simlar
to another die at different |ocation because the factors that affect

waf er - | evel VadaneniGommpuineyts \of tHe Suafage Refsctanseer acti on with the die- or

devi ce-_ | evel pqlishing behavior. For instance, the die-level polishing is
most | y13af f ect ed 15§ SPFFgce f?zllefté?“r? Seopatterged gﬁ%ﬁ"%&esl‘?"ﬂéﬁ)e “ﬁg%g’“ﬁ S,
fraction. T fitdcRBn Ohd i EAIANRRIARASHIARRAS AN Budl ©
tends to fﬁ%\%{t@hggrg %mﬁtaﬁ%&a?’on ane?p!ns ested 30 wthin the die.
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20 sources, as nonuniform velocity distribution, pressure distribution, interfacial temperature

distribution, slurry flow and contact conditions (Stine, 1998). Its effect on polishing
always follows a systematic pattern and tends to be repeatable between wafers in the same
lot. On the other hand, the wafer-level nonuniformity affects the pattern evolution on the
same die with a similar trend. The relative rates of material removal between different
25 patterns on a die will remain similar to another die at different location because the factors
that affect wafer-level nonuniformity will have less interaction with the die- or device-
level polishing behavior. For instance, the die-level polishing is mostly affected by the
pattern geometry, such as linewidth and area fraction. Therefore, the variation of
reflectance measurements on a die tends to follow the same distribution and is nested
30 within the die. Based on this assumption, a two-level nesting variance structure is
employed to decompose the effects of within-wafer and die-level nonuniform polishing.

Assuming that the variance at each level is normally distributed, the reflectance at



| ocation j of diei on the wafer, R ;, can be witten as A = u+W+Df (i)
(23) where p is the average reflectance within a wafer fromnultiple |oci,
Wthe di avoo2/di7ed9 (or within-wafer) effect on die i, and BYTjupotrdaess
within-die effect at location j on die i, The total, 5 wthin-wafer and
within-di e variances of surface reflectéhce are expressed as 6r, 6W 6D
respectively. Additionally, the within-die effect, D;(,), is assunmed to be
nor mal and logatien jiofdie icapehe Wafarafe eaclosoHemes are assuned to be

i ndependent to each other. Therefore, the total variance of reflectance,
ar, can be witten as = c yy + 0-2(2 he results of deconposjt.ion of
estimated variance conponents, wé"m?%&% respect to the in-zﬁ)u
measured data are plotted in Figure 33. The val ue of each conponent and
the F rati oyhatepiisibe ageragayefiectanceyyithin e mafg drosemyhiple laeie M thewdigita die fabl e 3
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at the same radius are assuned to be similar 15 and are conbinegd jntg a
subset 5f or veithinmedferamdofithimdiedagarceyef suvfacé rmfledance Treexpicgied@s 0at 0p, ogn t he
waf er before polishing indicates that the within-die neans at different
radii are rdigetevelnt AalditionhBy,phowithin-dit effeét, Ppans akistmhed tribendretaherdthdi es,
Pr(F) (which inplies the existence of wthin-wafer nonuniforni S
about t han tyodeveliypeance componets #ig agsypmed o Brindgpendpptite sacﬂﬁléeﬁf}ﬁégr)gfﬁre,f rom
t he deposition process. The wthi n?:vvaf er nonuniformty 20 decreases after
pol i shi ng shatdtal, vasiance efirefletsanat, a,lcawbk ewréttenvst h respect to the total

vari ation. The confidence | evel of the hypothesis - there is a nean

di fference between the dies - is I?s 20 % _ This suggests that the surface
is planarized (or topography becone T:wng,efaﬁi form across the waf eq4)by
polishing. The w thin-wafer variance and the F ratio even drop to very |ow
| evels, (Pr(F) - 0), after the wafer-level endpoint is reached. This 25 is

becausg t heryyiagiilsiragedi@Rion 8F EakarvAthetont RS Spmed Spwithebspedt t he
surface planarity and the wafer-level polishing uniformty.” On thé other

hand, the within-dj [ - SO T Y, o

vari ation \(I)Ff)tﬂgéu{rﬁf égfél:merzags e@ﬁa&aﬁ%@ﬁ{o&@%&rﬁéﬁlﬂ@heTW&%o{%@%&H@P?{e@OWMMG

-42 process. The process en 2% nt can be determ ned based on the change of

wi t hi n-die thvﬁhhﬁm,a&ﬁneahpmﬁ,@ , & everyeXusdconds dréistdd asTabde 8 haegpeniot tHeu ar ea
fraction. In practice, the total variance mght be enployed to approxi mate

the wi thi n-gigfivaick BTCRith-#efef hBhiEforMety on the variation of surface reflectance.

Additionally, the polishing results for all dies at the same radius are assumed to be similar
15 and are combined into a subset for estimation of the die-level variation. The high Fratio
on the wafer before polishing indicates that the within-die means at different radii are
different and the probability of mean difference between dies, Pr(F) (which implies the
existence of within-wafer nonuniformity), is about than 0.6. This is due to the variation
of initial step-height from the deposition process. The within-wafer nonuniformity
20 decreases affer polishing starts, and remains at a low level with respect to the total
variation. The confidence level of the hypothesis - there is a mean difference between the
dies - is less 20 %. This suggests that the surface is planarized (or topography becomes
more uniform across fh‘e wafer) by polishing. The within-wafer variance and the F ratio
even drop to very low levels, (Pr(F) ~ 0), after the wafer-level endpoint is reached. This
25 is because the underlying oxide surface is harder than Cu and can retain the surface
planarity and the wafer-level polishing uniformity. On the other hand, the within-die

effect contributes significantly to the total variation of surface reflectance throughout the



process endpoint. The small effect of within-wafer nonuniformty will not
affect the 5 accuracy of detection. Table 3: Analysis of variance of

two- | evelwoaexie nodel for surface reflectance. Tinme W thCDUBGIREL46
Wthin-Die F Ratio .(Mnutes) Variance, Sw Variance, Y - (,SJy) Pr(~ O
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enpl oyed t oj—det LOL theron .2ti.at {_hCAﬂlrf acE TeERREtanye drgggy under a

certain thrpshold-as shown {3 Figul-e—29—The—thresheld—g—detetared by
the averagelarealfractign of>8% andl the --3ntichl Lp:ﬁ ctids a9 sade
materials Wth r@dpect o thd4%avel pngt B() enmpl oy89935 Becaudd’of tlhe

random ef fefpt of 288 urry|scate.80i ng, | sur Bat5e r olighn®dd0and |rand@fberrdr, WO
02/107g9 PCITUSUE/(ZZI45 9.22 18.11 0.051 0.02
3.5 7.24 13.67 0.053 0.02
4.0 1.39 3.08 0.045 0.01
4.5 0.15 1.01 0.015 ~0
5.0 0.01 1.04 0.001 ~0
20 Moreover, it may be noted that the within-wafer variance is just a indication of the

nonuniform reflectance of the surface. It may not be directly correlated with the
uniformity of the remaining Cu thickness. However, it directly represents the uniformity
of surface condition. This information can be employed to monitor the across-wafer
surface condition and uniformity. It may also be employed in a feedback control loop to
25 adjust the process parameters, such as pressure distribution and velocities of wafer carrier
and platen, to improve the uniformity of polishing.
Endpoint Detection Algorithms.
In previous sections, the characteristics of surface reflectance at endpoint and other
stages of Cu polishing, in terms of moving average, distribution and the variation of the
30 reflectance across the wafer, were discussed. These characteristics can be employed to
design the endpoint detection algorithm(s). The moving average can be employed to
detect the moment that the surface reflectance drops under a certain threshold as shown
in Figure 29. The threshold is determined by the average area fraction of Cu and the
optical properties of surface materials with respect to the wavelength(s) employed.

35 Because of the random effect of slurry scattering, surface roughness and random error,



-43 the threshold usually will deviate fromthe theoretical nean

refl ectance presented in the wearlier section and nust be determ ned based
on t he obwenvatedbns froma few prelimnary tests. MoreovReT/Ushi24senpl ed
refl ectance corresponding to the "true" wafer-Ilevel. endpoint wll fall

into a statistical distribution related48o the variation in initial coating
uniformty, 5 the variation of process paraneters and the random error from

sanpl i ng antheslgastiokdusually wall devigteyona theyheoreiios] meanreilepignee preseatpddutheed t o
ensure that the vi ng.,aver.a M .fal.ls within a given.interval w.th
respect to %ﬂ%féggﬁin_ﬁgﬁgwéébﬁg%m%%b@@@%n tg? ﬁlgsgr‘{%ﬂgflﬁ froma .grpfeimlgm.gf t he
surface ref {6l ORESvESHRYhmSRA YT lecthBe dREonink tEMB firfleREer-RY Sl doitS
determ ned using the appropriate Student t" sanpling distribution for the
sanpl e st anwit fall ift0 adevistical distributivb n¢lgiodbr the vard®n in inifdCpatingnafoRmity,1 S |
)~ut_<M+ta/2N | S Figure 34 shows the results of the novi aver age of the

surface r ef heRERARN Qlapropess Parametes @pd the Ladem.eren fiom sampliingandosshsng.

confidence . = i I i i t he
coti mmt od t i inef, 2 pioficis (R S HEUENARIRS b thafiticmU by ol @EEEN
t hreshol d nByls aithih \Even intesval Rdirbipetigo gh sdceptableiconfidenoaldvbie Shicstliatiueal

data. It may be anbi guous sonetines to determ ne the endpoint fromthe
over | appi ngvasfangt ef theosurfaemaflestinee ismaatrkpava, thent00(nog sepfidense dateval ises

2 new endpotfitm it TRIR e Phact Sy shme Y e R Ao R e 2.
Compar gl W §&videm S@NéMGora%ST #9%). t he variance (or standard deviation) of
surface reflectance providés a nore robust nmeans to detect the endpoint.

The variance shows a clear change at the onset of endpoint in Figure 30.
The endpoi nt can be deter/m ned basgg_gon both the slo eaand the threshol d
i

| evel of the variance cungwg—Becau k ke ppugh  re tance diffegpgnce
bet ween Cu and oxide, th chaﬁ’é’é"‘of\/—]\_] ri%n e w TRVt N&Vi)s usual |y 5®nrmch
drastic right before the endpoint for any chip design. The variance of

surface al sPjgufLIBHBWs ﬁiel @sullRQWrkIRBbviaE hedradd BT RO ERALO fefRBGANSRrdldginXi de

with high selectivity will retain the surface uniformty. Simlarly, the

vari ance caiwithenestirhamed dderl 41000150, smdRehetevd] o =RGEY). Since tittesainpiakize
confidence interval. Wthout knowi ng the true variance of the surface

r ef | ect anceNag vetyHergeathe gsidated taevaganis confingd (d a atnal antervabnMergaaokithy s
given pas edth%]shgﬂiemgj\p ) 981 &% %S ulli)cge}_{y'i%lsgo L BEAS from the historical data. Tt rﬁay be
ambiguous sometimes to determine the endpoint from the overlapping of the two
confidence intervals. The threshold also varies with different chip layout and design. It
may be time-consuming to develop a new endpoint detection recipe for every change or
new chip design. |
20 Compared with the moving average, the variance (or standard deviation) of surface
reflectance provides a more robust means to detect the endpoint. The variance shows a
clear change at the onset of endpoint in Figure 30. The endpoint can be determined based
on both the slope and the threshold level of the variance curve. Because of the high
reflectance difference between Cu and oxide, the change of variance with time is usually
25 much drastic right before the endpoint for any chip design. The variance of surface also
remains at a low level after the endpoint because the oxide with high selectivity will retain
the surface uniformity. Similarly, the variance can be estimated from the measurements

based on a desired confidence interval. Without knowing the true variance of the surface

reflectance o2, the variance interval with 100(1-¢) confidence level is given based on the



Chi -square (x2) distribution. (N1)S2 < a2 < (N1)Sz xa/2,N1 Z1-a/2,N1
(21) It is shown that the estinmated variance does not vary significantly
wi t hin avedorto7peri od of overpolishing. The threshol d of PenUS@EMIRs6N | |

al so approximately remain a constant 5 between runs for a given pattern
design. Therefore, the endpoint is rruch4éasily determ ned based on the
variance information_than fromthe nmean (noving average). In practice, the
rati o of st@hidwuaredfidastiibitians t he nean refl ectance can be enpl oyed to

i ncorporate the characteristics of nmean and vari ance of reflectance for
endpoi nt detection, as shown in Figure 35. The endpoint is indicated as a
| ocal m ni mum and can be 10 det(wml);géd vmth Lljg?e conpl exity of

cal cul ating the slope and the coqf—rdenée' . In addition t@nhe
waf er -1 evel endpoint, the onset Xaf2xendpoi nt Yeatvhe di es canal so be

determ ned based on mappi ng of sanmpling loci onto the wafer surface. The
surface cohds shoomsthatrtheledtineatedvarzamoe doesaiot harysighificapdy wathiwa slicet gariodr adi i ,
can be determ ned _based on the _ sane techniques enpl oyed in the wafer-| evel
endpoi nt de®leRMerralishinge Télsﬁlmeﬁh?éd e5vargare wilthalse apRIoxigialely asmafBSciopyaRf in

the'eard i erySEeL] aihd . SELREL 1ins Q030 AHFR0AN o ERARIM! I RuclRiERVer

t he nean, vari ance, drgst 1on the surface retlectance als

provi des i na&éﬁfﬁﬁéthsédJén diefvﬁﬁmtmﬁhﬁm thin 6@ (hOesN{reVing HEEHR). I'iihe
vari ance and the variance to nean ratio reach a mninum and the

di stri but i oprapiéese ﬂmraﬁorqfeﬁtarxdn@qdm@wrﬁq tbatm@nrreﬂgctmcammb@e@nplw@ toange
of the reflectanc es drast |caII when th 0 underl.yi.n x'.de
starts to eXfg¥ard %ﬁﬁe’?wc?f’ pabagd’ aﬁﬂ‘&e\‘}{é‘?ﬁsﬁ Bgr &E&c

reaches a_npxiim ﬂbﬁiguwes epRr éﬂd}Soﬁft i$ 'ilﬁh@&fé‘c?%a%ca@@nﬁlhﬁmﬁ%ﬁa&aﬁ e
cleared. This information can be integrated as part of the in-situ sensing

t echni Hue t detemtinediwitkbout piuexgnmﬂsx@foftchleulﬁmg thestops snd fherconfidi¢nice utterpals
pol i shi ng proces ion_can _also b ermn the

endpoi nts of eac]rS{‘ 9&@5&%&@ ‘W(b)f{e’ggé'&l WBOIEEH?&I’IS?H‘:@"'B‘%’GOS‘FJ @ g 1?%
deg)é?ﬁ:' m;g% e%{ﬂ%ﬁ@d;@%gggﬂ ntl@t?ﬁ?éne ia%&i%?)é%éfgﬁ?Q%%ﬁ%ﬁ?%th{I st e | n Tabl e
oeTT LS/ o 4%§§c£ne%gh m%%%ﬁ@s dé?&&ﬁ%ﬂ ih '?ﬁe SeRg S & ?Jﬁct%]éjﬁ?‘ﬁn $ WA 729

PCT/ U observe hat I'S cleared ace.
Al t hough i t rdsSlutiafi.dMoRedvas filid thiyar, {lﬁﬁﬁnce, and distribution of the surface reflectance also

[2=

provides information for different stages in the polishing process. The variance and the
variance to mean ratio reach a minimum, and the distribution becomes normal when the
Cu pattern is planarized. The range of the reflectance increases drastically when the
20 underlying oxide starts to expose, as shown in Figure 36. The variance to mean ratio
reaches a maximum when the majority of the excess Cu on the surface is cleared. This
information can be integrated as part of the in-situ sensing technique to determine
progress of the CMP process. For multi-step polishing processes, this information can
also be used to determine the endpoints of each step and increase the capability of process
25 control. An experiment was conducted to validate the effectiveness of various endpoint
detection scheme with the same process condition listed in Table 2. Polishing was
stopped as soon as the standard deviation, the standard deviation to mean ratio, and the
range indicate the onset of (wafer-level) endpoint, as shown in Figure 37. Pictures of the

wafers were evaluated and agree with the results achieved by the sensing system, and it



observation, an ultra-thin Ta barrier, which is nore transparent to the
light than the thick layer, may still remain on the surface and may not be
det ect ed W9 02/ln2opt i cal sensor. In practice, a short perpPoUUSHI1/24146
overpol i shing may be applied after the a nsor detects the 5 endpoint to
ensure that all the nmetals are conpleté g'rermved. Nonencl ature - the

foll ow ng nonenclature is used in the precedi nq sections: . Al =, rga
fraction of Wasekserysaihat (i i clearpd upRisthe suricsaviihpugh itds nad t(’l@?ﬁﬁgﬁ o =

h f i ! — i .
o or ol 1 ofBonaTgh AP HETs bR RAs b el D e hERIORIGC®

kp = Prest opy&ohsyaill réffinin th& surfiee Wedinag a6f bd déteuiéd Pitheopticalisagbr. plnessur e
on wafer (NnR) 15 P = average pressure on a pattern (N n) r = random
error in thprakiess skerqeriodeaftovemplishing negyples ppidied after dkg smsgrsgeteots the
over pol i shing, duration ( = rel.ative |inear velocity of wafer (nm's) 20
w = pat%er.ne pﬁ%ﬁ%‘frﬁuﬁé&éﬁhgﬁiﬂs E&&PH%P:‘%? &erf‘ﬂsfe%?x, y, z Ah = oxide
over pol i shi RgnfefMatute= thd'fflioWihgHorhéclfure Ts RRHGS tHL fredaihg(dhticaR: = aver age
overpol i shing on a die = dinensionless geonetrical function V = Poisson's

rati o As taught Hy therchdraetjon nfimetabpatiepti on-and exanpl es, an inproved

met hod apparatus for _chem cal nechani cal polishing of sem conductor wafers
has been providel 30 ﬂ%otiﬁogg%gﬁna}e aie@ﬁ 12}1 The foregoi ng description

For The. pur pose o 1 POREPA RRACE &% Qg sBUERAVEL01) Batae T

10 h = thickness of the material removed on wafer surface (m)
h, = initial coating thickness (m)
k, = Preston constant (m2/N)
k, = wear coefficient
P = hominal pressure on wafer (N/m2)
15 _2? = average pressure on a pattern (N/m?2)
¥ = random error in thickness measurement (m)
t = experiment duration (s)
t* = overpolishing duration (s)
vy = relative linear velocity of wafer (m/s)
20 w = Dbattemn linewidth (m)
%9z = Cartesian coordinates ( m)
A = oxide overpolishing (m)
6 = Cudishing (m)
= pattern pitch (m)
25 = average overpolishing on a die

—~ dimensionless geometrical function

< & " =

= Poisson's ratio
As taught by the foregoing description and examples, an improved method
apparatus for chemical mechanical polishing of semiconductor wafers has been provided
30 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 al though the invention has been illustrated by certain of
the preceding exanples, it is not to be construed as being limted

t her eby. Woey1eEe®e not intended to be exhaustive or to |iPCT/UBSIE4I46vention
to the precise forns disclosed, and obvi @gusly many - nodi fi cations,

enbodi nents, and variations are possibl®1in |light of the above teachlng 5
It is |ntended that the scope of the inventign enconpass.the generlc ar ea

as herein dgpegintionesnd %lﬂpeualy therjaveagian kas h?ﬁﬁéﬂﬂ%’é@t?@)é?@aahﬁf the greceding
e al ent 2/107 PCT/
cﬂglmvc al 3 &(ﬁ%ﬂ g’a is 610 el cr?élgifi%]gﬁ% %Mig 11m1 L thM " Tl?y%&meﬁ%d t& be

pol i shing RixaheAVE ai/td’llﬁinﬁ thd mséntﬁlmmeqxrec@e forie iReloséd, hh@ bbxfleﬁslmiaﬂyng a
waf er in cooperative relationship with said rotating platen sal d waf er

carrier ha\ma@ﬁmﬂoms,mmquhmmﬂara@dtvmatms lapz\passible mdabénﬂ@ntabvvwfaaa}wgg
pressure wi_thin. t rs tha ainst the wafer at correspanding
MUl t1 pPo b M B BesRoRn Gl i Grentp EATPAS e AT ARa TR sald
pol i shi ng Qi1§’ctl5‘s@d‘%@lb%r§}{e§ﬁhﬁs eﬂmne%eto%ﬁd%waqwéntsy scanned across a
waf er, and an optical etectlo systen1carr|ed on said platen for
transnlttlng light through said wi ndow and receiving light reflected from
the wafer through said window as it rotates past the wafer, to detect the
reflectance of nmaterials on the surface of the wafer at the multiple

| ocal i zed zones. 15 2. The CMP apparatus of claim 1l wherein the reflectance
is used to stop the polishing independently within each of the nultiple

| ocali zed zones. 3. The CWMP apparatus of claim1l wherein the reflectance

i ndicates the state 20 of polishing of the wafer within each of the

mul tiple localized zones. 4. The CVWP apparatus of claim1 further
conprising: a controller, which receives reflectance signals representing
the reflectance of naterials on the surface of the wafer at the nultiple

| ocal i zed zones fromthe optical 25 detection system and said controller
is configured to process said reflectance signals to determine the state of
polishing within each of the |ocalized regions, and to selectively vary
the pressure independently within each of the nmultiple chanmbers responsive
to said state of polishing determnation



30 5. The CMP apparatus of claim1l wherein said nultiple chanbers are
formed in a flexible nmenbrane and conprise a center chanber surrounded by
one or mweo2ooerentri c chanbers. WD 02/10729 PCT/ USO1/ 24pdBUSeuB16. The
CWP apparatus of claim1 wherein the mnul 2i pl e chanbers conprise a center
circul ar chanber and three annul ar, condéritric chanbers. 7. The CVP

appar at us oMQMsai d optical detection system 5 further

i ncl udes at optic sensor having a bundle of transmt and
receive optical fibers termnating at a sensor tip, a light source which
transmts light through the transmt optical fibers to the surface of the
waf er, and a phot.odecAathemfidat mecteméial pslishirgf (GMP eappatabghionfprismgt he surf ace
of the wafer through the receive optical fibers. 10 8. The CWMP apparatus of
claim7 wherein W@tlﬁgﬁﬁgﬁﬁﬁgﬁﬁt&ng‘é‘é@g USHAPERT fibers are oriented
substantially no t 3 3 . of
claim $ wher ei n {’ﬁ%kesfé%‘%‘tg?ﬁ‘{?‘gfd};‘gggggeé g% r{a(?]’lf;’?J (r)e(ri%tlotgﬁgpsur ga(?(gﬁg@h;éﬁe
waf er to foplgien, adPwafkPebrtibthaSingendiipleitBa®iBers it hilow he indepeticafly abgitg 200
15 to 250 mls. 10. The CWVP apparatus of claim7 wherein the |ight source
is a |light puessuré mithinlithedehaptbershthehirge agagist the waleral sbapgpondiog mplbiple 880
mu. 20 11. The. aspar tus.of claiml1 wherein the materials on the
surface of ngz 8$ YK one of, or a conbination of, conductive,

i nsulating or bagffegdt FRLERAG Formelin it pSMRIRPPIALeA WiRr&y Sdidiwihdoly Yrer ei n
said materials may be patterned on the surface of the wafer. 25 13. The
CVP aplar at paxiaaficatlly ascanntd abressd wafeheandi ndow scans t hrough the center of

the wafer. 14. A nethod_of chem cal nechanical, polishing . (CW) .of a

seni conduct or 380 QR SietE‘EWBrSV%tF‘i‘i‘d’aFFFéi%%ﬁgplﬁgnpﬁl%gﬂﬁ%ﬁ&“&1 thragh ne
whi ch inclu i,.Shi.nao. . i i gl :
chanbers th%ﬁéa ?@@v)l’ f/%!rl] rl&%l e lr% entep{?%grqfﬂ“gg%{ﬁvg%é 6@@%%%@%@\%}H

02/ 10729 PGhAisHp4s? tibAbafer, 40datbaanbereflctiante off materiglaionstie surfiaé of titwafer

correspondi ng_ | ocalized zones on the wafer;
at the multiple localized zones.

15
2. The CMP apparatus of claim 1 wherein the reflectance is used to stop the

polishing independently within each of the multiple localized zones.

3. The CMP apparatus of claim 1 wherein the reflectance indicates the state

20 of polishing of the wafer within each of the multiple localized zones.

4. The CMP apparatus of claim 1 further comprising:
a controller, which receives reflectance signals representing the reflectance of
materials on_the surface of the wafer at the multiple localized zones from the optical
25 detection system, and said controller is configured to process said reflectance signals to
determine the state of polishing within each of the localized regions, and to selectively
vary the pressure independently within each of the muiltiple chambers responsive to said
state of polishing det;rmination.
30 5. The CMP apparatus of claim 1 wherein said multiple chambers are formed
in a flexible membrane and comprise a center chamber surrounded by one or more

concentric chambers.



measuring the refl ectance of the surface of the wafer during polishing at
each of the localized zones on the wafer; processing the reflectance data
to deterw@e21die st ate of polishing within each of 5 therCDUs8dI/2208 zOnes;
and i ndependently adjusting the pressure within any one of the chanbers
responsive to the state of polishing w8 hin each of the correspondi ng

| ocal i zed zones. 15. The nethod of claim 14 wherein the step of

i ndependent | y ad}-ust i Heg CY® gppruatisrof el whereintbemmeitipde ehamhesheamprisehe

chem cal mechani cal .pol.i shin i ndependent | Lt hin ach zone when a
change in thEWEFIEE ﬂ@gﬁ)legg%tgﬁr ulféfi cf)ﬂéénwico%&mbf . The nethod of claim
15 wherein the chem cal nechanical polishing is 15 reduced or stopped in a
zone when the change in reflectance is in the range of about 25 to060% 17.
The net hod of clai m 1BhenadRpppardtes oficliimal wirersim srid fptigal| detdsting syystem

reduced or st ed i.n a_zone n the change .in reflectance ceeds. a
ot ar o DB P & T Sus R OPhs seroe MR aropgle & SRS SR GBI ¢ he
step of in Qp@%. nflﬁ’]ia j : : i 3 i i
thepc hem cgﬁqﬁec angl %a p%&l?% %th%%ggg&rlhg%{s%tﬁgg%ﬁ élﬁ%\nhtt aiﬁn ﬁ%gggg%rﬁﬁgggg "

accor di ng ttganstdiosptical fibat ande svefase HE tienysfer, BAd alfimtodetioodviidh abadivesl4
further conpri si‘n'?: detecting the anount of scattering in the reflectance
dat a; det erfeflasipdlighidrom eawrigee eighe yrakss thmongh theresstyenpicakilsse surface of
the wafer 30 based on the anobunt of scattering at the |ocalized zones; and
controlling the polishing process at the |ocalized zones on the wafer

respongi ve to sgid toROOMEPPpEAtus\Eclathi7TOWherein said transmit and receive optical

fibers are oriented substantially normal to the surface of the wafer.

9. The CMP apparatus of claim 7 wherein the sensor tip is spaced apart from
the surface of the wafer to form a gap, and the size of the gap is in the range of about 200

15 10 250 mils.

10.  The CMP apparatus of claim 7 wherein the light source is a light emitting
diode which emits light at a wavelength of about 880 nm.

20 11.  The CMP apparatus of claim 1 wherein the materials on the surface of the

wafer are any one of, or a combination of, conductive, insulating or barrier materials.

12. The CMP apparatus of claim 11 wherein said materials may be patterned

on the surface of the wafer.

25 -
13. The CMP apparatus of claim 1 wherein the window scans through the
center of the wafer.
14. A method of chemical mechanical polishing (CMP) of a semiconductor
30 wafer, comprising the steps of:

providing a CMP machine which includes a polishing pad and a wafer carrier

having multiple chambers that allow for independently varying pressure within the
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chambers that urge against a wafer at corresponding localized zones on the wafer;

measuring the reflectance of the surface of the wafer during polishing at each of
the localized zones on the wafer; ‘

processing the reflectance data to determine the state of polishing within each of
the localized zones; and

independently adjusting the pressure within any one of the chambers responsive
to the state of polishing within each of the corresponding localized zones.

15.  The method of claim 14 wherein the step of independéntly adjusting
further comprises:

reducing or stopping the chemical mechanical polishing, independently within

each zone when a change in the reflectance is measured in that zone.

16.  The method of claim 15 wherein the chemical mechanical polishing is
reduced or stopped in a zone when the change in reflectance is in the range of about 25

to 60 %.

17.  The method of claim 15 wherein the chemical mechanical polishing is
reduced or stopped in a zone when the change in reflectance exceeds a predetermined

threshold value.

18.  The method of claim 14 wherein the step of independently adjusting
further comprises:
reducing or stopping the chemical mechanical polishing, independently within

each zone according to prior reflectance measurements.

19.  The method of claim 14 further comprising:

detecting the amount of scattering in the reflectance data;

determining the degree of topographical variations on the surface of the wafer
based on the amount of scattering at the localized zones; and

controlling the polishing process at the localized zones on the wafer responsive

to said topographical variations.



