METHODS AND APPARATUS FOR OPTI M ZI NG AN ELECTRI CAL
RESPONSE TO A CONDUCTI VE LAYER ON A SUBSTRATE
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One method of measurement is the use of eddy current sensors. Generally, eddy currents are
currents that are induced in a conductive media by an alternating magnetic field.

[0005] In general, if a first alternating current is applied to a wire wrapped in a
generally solenoidal shape (e.g., the wire in an eddy current sensor), a first alternating
electromagnetic field forms in and around the solenoid extending beyond the ends of the

solenoid a distance on the order of the diameter of the solenoid. If this first field is brought

into proximity with a second conductor (e.g., a conductive layer on the substrate) a second
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response) of the sensor to the substrate. That is, as the exciting probe field is of limited spatial
extent and its magnitude decreases as the position increases from the probe, the overall eddy
current perturbations caused by a second conductor being measured also decrease as the
second conductor is moved further from the probe. Thus, an eddy current sensor may be
sensitive to both proximity and electrical film properties. In general, it is difficult to isolate

the portion of the electrical response caused by the set of electrical film properties (electrical
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[0012]dent i cBY pseniially\catifratiog the sensor system (sensors, substrate geometry and

substrate handling, stage movements, etc.) prior to making measurements, the proximity error
in theory may be cancelled out by averaging a pair of measurements taken when the substrate
is placed in the known position between the sensors. In practice, however, it is often very
difficult to repeatably and precisely position the eddy current sensors with respect to the

measured conductive layer.
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SUMMARY OF THE INVENTION
[0017] The invention relates, in one embodiment, to a method of determining a first
thickness of a first conductive film formed of a first conductive material on a target substrate.
The method includes positioning a first eddy current sensor near a set of positions on the

target substrate. The method also includes measuring, using the first eddy current sensor, a
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[0020j act or ThEJ%%ﬁQ)Yhe‘i’ e R REHE Be PRIERGHRADA K48l bS Bbscibed in more
detail below in the detailed description of the invention and in conjunction with the following
figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference numerals

refer to similar elements and in which:
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other instances, well known process steps and/or structures have not been described in detail
in order to not unnecessarily obscure the present invention.
[0030] While not wishing to be bound by theory, it is believed by the inventor herein
that variations in substrate electrical film properties may be compensated for, in order to
optimize sensor electrical response. In an embodiment, a sensor electrical response of a
reference substrate sample at a known temperature may be used to correct the sensor
electrical response of a target substrate at an unknown temperature. In an embodiment, the
conductive layer material of the reference substrate is substantially similar to the conductive

layer material of the target substrate.



[0027] FIG 6 illustrates a sinplified diagram

conparing tenperature coefficient ato nean thickness
woéano7mosxanducti ve fil msubstantially conpri si ngCCWS2006/023033

according to one enbodi nent of the invention; and,

[0031] 0028] IFAf=mBodibdels tHeatRSerRe ShtERhicland dhaiag@t abs@hteare
met hod for determ ning a thickness of _a conductive
measyred wiphFUPsRnBRllasBGRHTERI RN PEYCRIS. ST exayHgdoth the reference

s O3 RSB RS ISR ool s

technighMB@DLDATHS Ja0@ARPxiltity, pidesabbdutithy santd 1wpaswrdnhent sitesiigeometry),
described in detail with reference to f referred .
ctc. siTuiGal MeMAS R B beRece e e raiie quf ot Ao s Ay gte s

tempeAt@M Do edhbbdifeni GthOWbIPatl 88t odn@RetivRUIRS Weh differing
ecific details are set forth in order to provide a

reSiStit?’E}z) taoupsgheturedoe Hiciand, ageloff ndasunpmeste mayi bevielan &b wliffgrent
1B t, . h kikled.in the art, .
tempewﬁglies {rﬁgr%gf fg); egltve 2 ﬁ\l%‘%%’r} %Hy &Fggpoegagu% Hxlg%etplgg%egl? %altug 8ﬁ %1 desired

film thiok:s@r all of these specific details. In other

i nstances, well known process steps and/or_ structures
[0032have ndftaripaeembeditentare dascikaddiereinbeley daelugipgmptthods and

i d at i 0
e URSRANA L SRSEYES, SO0 0103500 LBYSL00: LRI
manufzeturethatinolndehie compent eaddbés @ediuthat wiieh icamipors-réadable
oSl Slectid Gol LML oper LS TR HE et T

compBleLrhiifi@ncARSPRRS enclld, A $ARPE] BNt ondAcBE R netic, opto-
el ectrical response of a reference substrate sanple at

magnetid npigal.tcz e dommseofeamnpbier tmdable medmr &y tstaring cosypaiter readable

ectrical response of a target substrate.at .
code. RSt bR T2t heh Sabourem e i o fhtpeys of me
inventiel. €SudiBipPhiattls dy inbRdE @i QNG catdaSind Al ?rd grammable, to carry out
substantially simlar to the conductive [ayer materi al

tasks pertaimag taegeedingptstof sheainfouivn] Examales efbisdiapparatustipdude a
gener%rlg L Sed gSmE)Lul{%% Elﬁ(ﬁéle ga catt‘%lf cotnggugi%é d§,\l7‘1?§ L8l Gofth riately
asure using supbstantirally I'mrar neasur n

progrmioledand fay radludxaoghbinatal df 4 doenpuehrRbenatng dbdtd aide
and the target substrate ?r;gi% be measured usjin

. the
dedicafgiprogaymable carpitnidanied dorhe vadusArs @?rt%tfnnagg gmbpgigents of

. pr 1 m J
e RPN a0y ROy 002 Rl LSRR
progrimemablervirtchigryriefoae encersinieprated erautd cotfegured getarry out the
ure. l.n an iment,. if t

substrate j§.t era . enmhod : e
comp3{ip P Birenid 4 FRB E RIS BT b rEoeR, BN R EFEGS or any
calcula@8h 88ihY h¥mberP I RIMAE it BE8hbividr@Bhputed réfdteRfare required.

measurenents may be taken at different tenperaturées in
[0033r der  tAs mtevipusly atagadbBieatrcirial sespanspef sangemwto the magnetic field
(eddyI cqlgr%gte lg]e(il'{surntga.ti\é)zfllls)l,J fnd ﬂen%e gt(se %écru?gcyf fsla egttclh %i}(f I:[11(1eesl§r'oximity (substrate
proximity response) of the sensor to the substrate. That is, as the exciting probe field is of
limited spatial extent and its magnitude decreases as the position increases from the probe,
the overall eddy current perturbations caused by a second conductor being measured also
decrease as the second conductor is moved further from the probe. Thus, an eddy current
sensor may be sensitive to both proximity and electrical film properties. In general, it is
difficult to isolate the portion of the electrical response caused by the set of electrical film

properties (electrical film property response) from the portion of the electrical response
7



[0032] Various enbodi nents are descri bed herei nbel ow,
i ncl udi ng net hods and techniques. It should be kept in
waizod/oofeat t he i nvention nay al so cover arti cl esTai2006/023033
manuf acture that includes a conputer readable nmedi um
caused by phiximite st proxadab kapbms), mitdh map siteequatly yiti@uce an
out enbodi nents of the | nvent ive technique are stored.
error infle repRfiet ¥3lU¢-eadabl e medi um may incl ude, for exanpl e,
em co
03 O PEME R, PREE Lot O RS P PR R{tar lbstate may
itself bovgrisbler Freadalyle tihoeectrifaln¢dpense ctf lsensonam tie caffeutagt by the

resist P O i enpe B2 Ghon 65 i Pt Sei vGRERY Fegiea

propoftRia CRUBE B OF fiRh Qe ARTRDEBetritA r&ddtivity Thlko kﬁ@d&ﬁ as specific
pertaining to enbodi ments of the |nvent|on

electrt@ﬁl rsmthn%@g saraellisindivetes dewstigagls raanatguﬁrl Popescs @imgtiw pf electric

currerﬁ ng/ 1(9\{/ rélsgl%ﬂk g@ﬁeqrgllyp &gf)cldtaes a%laqgr\{ }‘@aﬁﬂy %ﬁgwg fle 'ﬁé\%ﬂent of

electrmnﬁumwérpmutritm au@vge@eraay dep@dbxﬁain&dmpéx@gﬁammbl e
circuits adapted for the various tasks ertai ning
[0035&mhodi AeRESTf cach SensAY EPINSR. RoeRR R raslelse a8 gdpnction ‘of several
key vaRp@sat us may include appropriate dedlcated and/or
progranmabl e circuitry in one or nore integrated
circuits configured to carry out the

co ter-i e ted techni ques discl osed herei I.n

dgg Fgagtgﬁgpaﬁsgeneral, for any cal cul ation UQF%EPéﬂTOBI”
conputer, operands in nenory or conputer registers are
required. [0033] As previously stated, the electrica

wherel @Brﬂjﬂﬁthldkﬁess enbomechartd) ispeRabitg add 8ivgdneddly thaissheditserial
ﬁLbatlons) and hence jts a cura Is affected by

numbghhigh 65 # 3dmetieRdengingth tignal pepradsnasto fiheresponse on
all thegi% Hfa 1519 tBJh%t VERfof-o0 Metécﬁid AetuttigofR e tﬁe' ﬂégtlcular eddy

d I's of |n1te spat | extent and
currerl'm)gcvbet’ suﬁiéd dbgcth@msmralsﬁltrhmtqom sortvienient measamt hnm,rantl héT) is

t.he veraII eddy current perturbations caused
the OB e A Ry LR B ol GPets oSk e ReTagat unit is

volts fr\h)e A%ﬁﬁﬁ’iﬂg tl?eﬁ’ ROWELBFs have @&Vs%ﬁxe s@ﬁ%? 8éridl hAMbEN @QU&’?R)N 1 may
y current sensor may be sensiti Ve to

be furrghemmnlewdam el ectrical filmproperties. In gener aI ,
it is difficult to isolate the portion of the
el ectrical response caused by the set of electrica
fikm pr@ept p@s) (el ectrical filmproperty responEgUATION 2]
fromthe portion of the electrical responsecaused by
proximty (substrate proximty response), which rray

ubseque roduce.an_error. in the reporte Iue
Therdf g SRR BT bHOTREVSBED BF i ObRF e by DF prfdeled
properties for a particular substrate may itself be
vari abl e. For exanple, the electrical response of
sehso(Ridyr. €A f ect ed by the resistivity of thdEQUATION 3]
conductive film That is, eddy current signa
variation is primarily

[0036] Electrical resistivity (also known as specific electrical resistance) is generally
indicates how strongly a material opposes the flow of electric current. A low resistivity

generally indicates a material that readily allows the movement of electrons. The ST unit for
electrical resistivity is the ohm meter. The electrical resistivity of a material is usually given

by :



proportional to the inverse of filmresistivity.

El ectrical resistivity (also known as specific
wehetoosaal resi stance) generally indicates hoRCT/US2006/023033

strongly a material opposes the flow of electric

current. Alowresistivity generally indicates a

material that readily allows the novenent of

el eck4 ons. However, resistivity is also gen p}%l

d%ﬁéﬁaent on tenperature. [0035] In general?lfr I%%TKNQ4]

sensor response, R, can be nodeled as a function of

several key variables R(r) =R(d,p, S, p(T)) [ EQUATION 1]

where B" t;b? ﬁ,\%f{;wglnrgmgtlwgy g%e%g §ﬁ1 n Ol?ﬁe Se gféﬁgghee?fi% ance nqof a uniform

speciméf bE theinateri tkhsufaniet ohatsytl Imtrhe (kevpdt ofithe Bﬂiﬁ&llﬁem@neasmaﬂ in
dependence of the response on all the infarmatio

metersh|gadid is Hee @OsrEEEPRM 2158 of His spetiep é@e%@ﬁ‘tddpﬁaﬁfs Hﬂeéﬁf 5)-
[0037]t he pe}fl&ét}?b‘z![l%sﬁgﬁw aHLIEBE dbfRess field by the
minto a conveni ent measurenment unit, and
p(T) is the tenperature dependent resistivity. In an
enbodi nent, the conveni ent neasurenent unit is volts
(kazﬁfssuning that all sensors have the same[BRUAAION 5]
seridl nunber, EQUATION 1 may be further sinplified
to: R(-) =R(d, p,p(T)) [EQUATION 2] Therefore, the
t hi ckness d of a conductive filmon the substrate nay

where @els Eﬁ%qﬁéﬁfiitu@é of @icfe(d3ttb fiddd Prﬁa_és)lbed[lﬁ%lfés'rﬂ)éﬂﬂqéiér) kRO B& the

El ectrical resistivity (also known as specif|
magniide of thecatrentedeinsitiaaespuied inyanpIres Py SHVAIP @@Ff‘éé how

o0 TSR G PRePRe LG Lt PhEFAL

substrif@te@ﬂpe@étuﬁef(_r ailivreadi teppalabesysior beaemminmgein thidkness of a conductive
el ectrons he SI unit for electrical re sthliI}/lis .
layer (i heCoheiF-drep esubstiés sisBe TR acatrdingdp eps b 9316113%0 the invention.

The Ve@ta&ﬁ %lshbﬁr H?(H&leg 3 MERLRY 1n&n strd THENE He nEHRAL axis

rrca TESIStIVIty measur ed 1 n ohm
showsnfﬁé edsl&)ge reprﬁset (W9 302 95 steasweel lof tha eddy Ewrent sepEOI r])gthl@ﬁxample
th t I d |
a hlghgbrgépmq%éggélggéggep@ ’lchrs Eo ﬁ%}{t‘l@ﬁ%rggl)clé%s a}thE)e wglnc rves (r)nay also be

create8 TQSRe S£5d hAPSe \@ﬁl@ﬁlqu ék)ﬁ& FREE AR RedsifRas. !, 8d offdetting each

square neters) lectrical resistivity can also
probe b@pd}@‘elwﬁdgalsy 1tpmax1n[u§@pl‘[agg\]b9]maﬂn@ ithe gvsiem with no film to be

nitude of the electric field (neasured in volts per
Hwamﬁ%ger) and J is the magnitude of the current density

[0039{ Meas ugedl sinth| @R Rk SBpREA: afatdufar FEbsBiaje temperature, the reported
eddy current response V (voltage), with reasonable proximity correction properties, may be

modeled as:
2V =Ry(d,pr) + Rn(d,pu) ~ Rl(d, P+ Sp'dRI/ dp + Ru(d, pn) - €p -dRy/ dp [EQUATION 6]

where if g, is the proximity variation from p; at the actual time of the measurement for sensor
I, then, inferring from the fixed geometry between sensor I and sensor II, -gp is the proximity
variation from py at the actual time of the measurement for sensor II if and only if the
measurement from sensor II is made simultaneously. For purposes of this example, the sensor

serial number S is assumed to be the same for all sensors, only d and p will be considered for

9



[0038] Referring nowto FIG 3, a set of three
calibration curves at a particul ar substrate
woenp@ostiur e (calibration tenperature) for detecmiuszig023033
the thickness of a conductive |ayer (i.e., Cu, etc.)
purposes & theibaltulatiansi B sldgion, aldoogh tengsptonsarage shvadinrmithge, other

t.h t The verti.cal axis hovvs t hi ckness
eleCtr%hCIP?g%flé%\ilsﬁgs %U?f égli??rglp%ay(b&)use&m &Lt he horizont al

[00409Xi S shR® sdiiErs\epd AsBGBed ﬁ%%%stﬁﬁﬁal@qaerﬁﬁa%?ﬁ}ﬁgg gk ¥

the eddy current sensor. In this exanple,
nomipad PERALEY Ra(Lpagd(don) tel fdtr)e‘@lctkoesa Islrm:itdtlei:, thisicakibesgsonably done

mechg‘ﬁcélg[a%t ' of{%w%?iégl?‘é@%ﬁ 1ese8%qr %e attecrogggi]uﬂ)é I%urg;%ans Irtiﬁddmon
the re@;ﬁdrsebénsﬁgfltg-ﬂéﬂ’lbdih edi8ofsas pRNGAItY Qhiiala (B)., ptdkifpyicBdfical
voltag:ie obtained in the systemwith no filmto

be

TeSPOREeA 41 AHerssyned ) be the same wpmﬁgm@ée eXRAgsuent] $de/dp evaluated at py
S A A L SRR W PSR A AN s
out amimvmie ia;prmonntgahdapandnn@maﬁmment mayclhenredelethiaiswit the film
hickiosid (d: Pi) + Rp(d, pp) Ri(d, pi) + ep-dR /dp + Rp(d,
thickngss. > "o~ dRo/ dp [ EQUATI ON 6] where if ep is the
[00419 OXi MiTh ¥in VATHL&@IRR thik %Eyme a%t:orﬁ#ﬁ%h@&‘ by ﬁélné b I%E: (ﬁf aIrQ@ Sensors

measur enent for sensor t hen ntferri ng rom-t
of Sulfsif@tléldlljg @@r&émieymﬂe(ﬁlmr&bseiere perfarmarsehast lohding t}@FBubsIrate

e G Pk S BB e BT g 8 55 i Byt o
sensofe Thee fIFe Manédl RN v e REMAE, the sitplifBd pditdl hicaffOHshtean bOEhown
pur poses of this exanple the sensor serial nunber S
tobej s assumed to be the sane for all sensors, only d and
p wll be considered forpurposes of the cal cul ati ons.
I n addi tion, although the responses are shown in
vavagB(dyot er el ectrical characteristics sUSBQBSTION 7]
current may be used as well. [0040] Both sensors are
assunmed have a substantially identical response at
which 134 e TRIEDERlen PO i Pkt i 28l e llfhole for  single
senson;ef: Rddipoat Ry(dqm) etV ,amd df &Ry dpw 27/ mnhteh - 8 énﬂmrthen
dependent correlation functions. In addition, the
response sensitivity for both sensors to proximty

2V =\Re(di Rt + gnd 9d§+'RIR&?;§)IE tdelﬁﬁﬁﬁt rical response) is
al 50 assunmed Sane in magnitude.

L5V suh&eaichi mm +dRY dpVéwar Gdimed =23V pi equal s dRPQEIATION 8]
eval uated at pn and the proximty dependent terns in
EQUATI ON 6 cancel out and provide a proximty

[0042]ndeperdeRin A RiRHI BfRMincohi £Bastitdndd@ sE@Hios iak atbtd elds about
the filmthickness, [0041] In_an enbodi nent, this may

0% PSRBT 5 AP Al A0SR G SHOBI bk e el yses may
be caﬁ}éﬁsbtu@%ﬂi é;)%ghg{%l céx%gent@( Re é@@ﬁ%g{%‘p ?fé)ﬂtbe%% the two sensors in

perfor manc g th
the sum in order to ensure cancellation of the relevant proximity terms or to include more

than two sensors, but the fundamental properties described remain.

[0043] However, it may not be practical to measure the substrate at the calibration
temperature. For example, a substrate process may require that the substrate be heated to a
temperature substantially above the calibration temperature. Subsequently waiting for the

substrate to cool down, just to take a set of measurements, may result in substantially

10



hal fway between them Subsequently, the film my have
the sane nom nal proximty to both sensors. Therefore,
woamu@osngy out terns, the sinplified reported PCT/US2006/023033
geasurenent can be shown to be: 2V 2R(d) + 0 [ EQUATI ON
decreas g B By L Eenng resistviy
of a cosdnrsios filrh f anki HedogpatfecRpthd npajurdd idy cangnt tespRs¢.dp=

[0044] é;,//( gm F‘Iﬁ.q?gr;gg %g%]tg tdﬁfé? jd&zs\g/ngl_i%%cgla%%x}mno%a,%aét ar%n@ﬂﬁ f-'ég{}ductive
film com Mr&r@lﬁ: cQeleMBEwedY abdedfid 60 &out 294Q herbbeiz00 Mmiraites,

ideal “sinultaneous neasurement situation this method .
accordipigdd dis ermbodimenteT the prvsriion. (e dprgpntg)axisAloagpreseniyigne 1

.. 3s<0,0Q3V. .t shoul.
minueS g2 PP ag ST P IR A AR MR RL O)
while If)gl’@-ﬂ’l@ﬁd vaﬁcm&vgﬁm represdnwondnsive filinrthickeess inmangstromd éA)
reporiebytiBe PG G BISETR et ORGSR EHabrbants b st dnd ™
tempelfﬁgl?gm Ak 1R QW&ﬁﬂ\gé G SAr WRRLpIoeIR) showlsAR&Sdrresponding
wever, It may not be practical to nmeasure the

changesinhisé repdrecatortdnetiveafiinbthatkiness menyed &y reecddyurreniasypiea. In this

cxampffe S5 6 P R o AP AREG AF s BhBerdfire 408
movesGAbhPaREdtRN, therRah@bii&reaSth st eentdpyndiap comihctioe fitrh hickness

substrate to cool down, just to take a_ set of
(as meﬁﬁaghbﬁeﬁ@m ayrenbEespAse) MoYes is thsspantiictlitegaer fog sgample, at
oduct i t hr ou t L. bar :
o B T T UBPLY e YR kBRSSPt main
condufteRCEmAhickats i§ AeourossdIAcHosewy, 4ubowrs masfes/the substrate
[0044] Referring nowto FIG 4, a sipplified di agr am
tempersturg isahiest 221 @ “Gi vhilathe spdePepdiag £ 088%}?? Hilgrees is about
21.68%0' ed between about 21C and about 23 C across 200

n'nutes, according to an enbodi nent of the invention.
[0045[The hoRbRamnighovad BIGIG6a siegrldisddiagram nfa swbstriaieuviglsa conductive

the | eft-hand_ vertic iS40 t
Film coRRERBS A PRREFRART BEC WHTIOGE 77 g Poma P
accord@fd & A04nB&ERLESST iR 298HRt TNEhdriAoRtal Bki§ K06 sprésnts time in

~angstrons (A) reported by the eddy current system

minutéY, dte 14Bdaneé pertisalrxs ThRanpresdnts sibpiEate empesaiarefip dagrees (°C),
. te rature over out _the 20 ] [: I '
while SR ERACE ALY CaEag SO g Nt GLOESY Rme A Ay Pt
508 répRddehits 8RarpR A Yetistie thinbéPatuld GVen @Bbout MReE0 @thubyintdreal, while plot
éddy current system In this exanple, Cu ha? a )

510 shasvrtbe acwespordiag thasige i meagurest candpgnis faghickagss. In this example,

.. sSubpstrate te I [ ' i .
s B0 SRR ST 100 RS AR AL B0 0 st
one dfrédtivn! Miceksiag or (@scdshns theedrrbypoadidy conducene fitresipokse) (as

noves in the opposite directjon. For ex I at
measured by eddy current ?egponse) moves in the opposite direc%gg. Pedr example, at about

60 minutes (512), the substrate temperature is about 21.63 °C, while the corresponding
conductive film thickness is about 14.15 A. However, at about 68 minutes, the substrate
temperature is about 22.12 °C, while the corresponding conductive film thickness is about
13.1 A

[0046] Subsequently, if the change in resistivity is proportional to a corresponding

change in temperature for a given material as some given temperature range, then a change in

11



about 60 mnutes (412), the substrate tenperature is
about 21.58 0C, while the correspondi ng conducti ve
woizbowonsickness i s about 9536 A. However, at abowtS&®6/023033
m nutes, the substrate tenperature is about 22.10 C,
the resi¥fivit® of A @oﬂd%ﬁ%ﬁgélddrf@mﬁﬁﬁﬂe gtk w2 Elanpe tdMpekdieRsn kit
about 21.68 A [0045] Referring nowto FIG 5, a
tempergfuip F4NEE &y dieagedaiedors: a substrate with a conductive
filmconprising Si, cycled between about 2 10C and
about 23 C across 200 m nutes, according to an
epndi Apap(DH(Ithe(d-nuenti on. The horizontal @QBATUGN 9]
represents tinme in mnutes, the left-hand verti cal
axis 502 represents substrate tenperature in degrees
00)... ile ri.ght-hand vertical axis 4 represents
where b je e T Mith AP ORHEES A i ero e ot TR0
tempefaflRE géaﬁeia%ioﬁ hasng®ity)) Tsy@éttérﬁ;%&aﬁlﬁemeﬁﬁbﬁ 0@ t}fé\/tﬁf%gm%ate from
the 200 mnute interval, while plot 510 shows the
the calgyetiesiompdiatye.chidrge thetemparatire doafbeiguichor the condyative film in

- hickness. ln this exanple, S S .8 t U :
deaC" SapiSRRies of oo TR e Bl FIPRE RS for i about -
0.07 td £HvRer0 Udep(5Q8ndreateise lobkang 6l hestiiedns deReibedstlny fof most

decreasing, the correspondi ng conductive film
materighgiof KHegs! (as neasured by eddy current response) noves

i n the ' ' ' t :
100471 7t SRS, B B e ey P BT R B i change
in the gibagiBedGondhttive filhethixknessponish suhstantedlyatiteetty pidportional to the

t hj ckness i abouyt 14.15 A, However, at abouyt 6 .
measurgdigsiaiavity; rr@mws sybstantiplyHwese rrgowﬂ%g ! H@fﬁ?@a@n

resistiVily pE& ) MBS OE OB G MR dr EBnflifdddshi ckness i s
about 13.1 A [0046] SubSequently, 1f the change in

resistivity is proportional to a correspondi ng change
inte rature for a given material as sone given

t gnpelfatur & grangs ., irhgn a change i nthe resi stgyiraioN 10
a 8on;d>(11§nt)ij\e/(e (I é’%fo(o}r}?a substrate due to a c %Qﬁgy@ ]

tenperature in that tenperature range nay be nodel ed
as: p(Tc + ) p(Tc)(1 +a(t - Te)) [EQUATION 9] where p

(70) .is the resistivity in .ohmneters.of the
whereq ol b PR TRt Wt R BPERPR R Bl wvonse
measut &t d,a8 tHerctiabédduvtiveyilm thidkBedse, i eepeilidtdtiod temperature, Tr

) devi ation of the target substrate fromthe calibration
is the puhsirale Agrapesatugmef the Blepsied ddycuaentiesronss ¢f iafeseit (tpggsurement

cti i [ ! ; 0, \, :
om0 YL DS b LR, LA B
T., p 18 iedensor Préximity tabeuwonddrtive fliagtTL) is acsiktivitn olf éhel cwakedive film
up.or  neasured a escribed bel ow for nost. naterjals .
at the sﬁlhr%ﬂ%lrte@lﬂel[a@tm% ?ng}ﬁ%aa SHEY Dy _8& )t EeisUBLy Ok thg pnductive
film 2R Ng&SureMehGERPEANE &, (ﬁu@@su?&lsﬂééiéﬂiﬂ%) change
[0048] Substituting EQUATION 9 into EQUATION 10:

g JRE,p,p(T)) _ f(R)
" (+a(@-T,) (+aAT)

[EQUATION 11]

where, f(R(d, p, p(T¢))) or f(R.) is the thickness of the conductive film on the substrate at the

calibration temperature, T - T, or AT is the difference in temperature between the calibration

12



in the neasured conductive filmthickness nmay be
substantially directly proportional to the neasured
woesi7gnsaity p(Tn), and substantially inversel pCT/US2006/023033
proportional to the calibration resistivity p(Tc)
tempeil'dmh&‘é ,m&ﬂld&@th@iaﬁlré’fﬁlywmeh therddde cusentpbasimedues; anﬂl a is the
?i(?f [ EQUATI ON 10] where, dmis the condu
temperqtmﬁ@ 1ieibEos ﬂaee?qnéé@nﬁfam inKee dcRPréumadp Al ésm@@wé (e.g., =
t conductive film
0.0, E@@%&*g@g@ﬁ can%? fha} etélg%nalﬁﬁt)?g!t)l on tenperature, Tmis
the substrate terrperature of the neasured eddy current
e nse. of ter ( surenent tenperature),
&&iﬁ&ﬁ Y (Ra- f{‘&mw(m fr(k At leEth"ﬁbN 12]
t(h&azﬂf)l(bfaﬂlﬂjn t enipeatlyf e i s"thé sens
proximty to the conductive f| I m p(Tc) is reS| stivity
of the conductive filmat the calibration tenperature
Tc (ca
[0049 he CO?] ?ﬁén@l@/ 1§ﬂ §&d dutr%%%paegﬁlgﬂé}nlgtﬁ%cs{ugén% E}E Jg:}‘dLPte}’atﬁfe may be
detecta’dr(ﬁme ampid foes lcemdumtltwﬁlm E@O@8ied Sifilast at)enttmnbgnmﬁbﬁi\o 4%

ofthe ety iy Binssigh b it plyeleGRREy D b Ty Pidenspdenty

of senEJi'l RE08SE 153713019 Beng 90 Petinve vfahht'iﬁrﬁﬁ‘né}r& @aﬂ@éteﬂ%@bﬂechmques

t ecallbratlonterrperature - Is the

such agjuping psatef paired @m@grsaxf @u]@st&g@;@l&g@m slam@ type and loading the substrate
| i nt araty he tenperature at which

halfw et&%%lﬁiglﬁlr gs eVlvvg% ??F and ais the tenperature
[0050F oef f i m @ntmtammeﬂ@ ag elredtu@all r\éspotasé of 4 RfGege shbstfa@d atd known

smal |l (aDT) 2 product (e.g 0.0), EQUATION 11 can be
tempefaiyeyaay kg ige 19 pagect Bre eéecmqat ]:qéponse P a targgtysubstyato o g unknown
tempe&a%&ép‘]: lgégt\% (:g%]s %g%gl%g s%&%?e%ﬁ%l ta{ﬁe‘t mtrgtg%gg&tt&‘ﬂ{nﬁgm similar
but urﬂinown xangratnrd, but which hdw:stwbwtentﬁallyrth@smm)a‘ ressﬂwqf re€pnsato a

ertu bat i on, of out 0.4% of the tot
temp &ge, ppd %aect@? Sere! cRliratigRerurvRsHaE &Sﬁ%%éubstrate ata
knowﬁf?e%ﬁié‘fﬁﬁire' i eagAeR biteQlonSRMSOH( mg@d‘r' th fa}’ e@ suﬂ:s%te pay be
examg proximty variations nmay be cance l ed out by
determigehhy qembmlr@JEQUééF 10N hgn@EQI-JtAEDI\bw aethllsensors of
substantially the sanme type and | oadi ng the substrate
haI fway between them as previously described. [0050]

y an epoRg T el ectrical response of UATION13
ref“é/ence sugt%(af)zpat a known tenperature ng%/Qbe used ]
to correct the electrical response of a target
substrate at an unknown tenperature. That is, for a

eren bstrate amild target substrate a

ftfant%]é)tf’ ’é’ﬁﬁ)ﬁ)a @t Aknown tenperaturiESH@tTION 14]
\Nhl ch have subst anti aIDI the same resistivity response
to a

where, de.rer is the measured conductive film thickness on the reference substrate at the
calibration temperature, which is generally equal to the actual conductive film thickness d,,
and dy,er is the measured conductive film thickness on the reference substrate at the
measurement temperature, p(T) is the resistivity of the reference substrate at the calibration
temperature T, and p(Tn,) is the resistivity of the reference substrate at a measured
temperature T, which is also substantially similar to the resistivity of the target substrate at

the same temperature.
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tenperature change, and a set of set of calibration
curves for the reference substrate at a known
woenp@ostiur e, the resistivity correction p(Tc)PCPUS2906/023033
for the target substrate may be determ ned by
VUl onbi niAR§UBRQIgATIetN B eanbistEBQUATO M el mshaie Ialsalmantrall{y similar

oty s ol ST SN ol (0 mpC ) S

thickaasn detolcby & cﬁlkﬁrﬁmdrhar@iﬁﬁ@a%ﬁreﬁ{éni RReperbge %ﬁ@ coh éf Fﬁdr?factor)
at the calibration tenperature, which i's genera

may essse q epriaghths eddn pueem aesponseol the tagehsubkinats sTa, EthI\TION
14 mgngé'le iy the measured conductive filmthickness on
he reference substrate at the neasurenent
tenperature p(Tc) is the resistivity of the reference
substrate the calibration tenperature Tc and p(Tm

the_ the reference substrat
nea’”s?’ﬁf’r ed /i(enpey %%’Zf Tm which is al so subst zﬁﬁpéﬁIQle]
simlar to the resistivity of the target substrate at
the sane tenperature.luu i j Assum ng a reference

trate is _con 0 ve,a substantially
wher€ AP hE B8 ahSobfnlind Hoftg @‘i‘fﬂe@faiv By gersaheddsee film
thickdebesn theGORAGECe bibstBR af ﬁi‘e%faﬁ&%ﬁo& deheeq f i 1§nthe measured
t hi ckness between a cali bration and neasurenen
condycgiyg Bl thicknesnen theaofrrans atbstﬁatefaadlbdme)asmmeh’etemeﬂmre, p(Te) is

U Y N O T
resistivaty ofthe refefdnce suljrhte[dEekEhi ﬂe’élfpe%&re Bnd, Smﬁ@ VRO

sation factor dc-ref/dmre ré? is the
exphwi»é@@?@aé datisitviveependepesassbaesdn BRUANBIGN By ﬁR@@)) isa
functisH BB 4 r
neiBBEL 4 1ALl AOLLALALL Bh SRS A4 e, SSodifing o
reference substrate at the neasurenent tenperature,
p(TO) is, the reS| stivity of the reference substrate at

F’,bwatﬁ) dn) er re TC and T S
rrebg’ &t o Ly mkf #’zi gnce subst rgt( emat | a L%@%TQQN 16]

t enper at ure Tm and since we've explicitly nodel ed
the resistivity dependence as shown in EQUATI ON 10,
I(R(d 521% s.a function of conductive filmthickness
[0052] pat i SUPsEREFRHATION it BRUALIOBUMSt i tut i ng for
h: dmlar p)) [EQUATION 16] [0052] Substituting
EQUATl ON 14 into EQUATION 16: =f(R(d, p)) [EQUATI ON17]
glggS] lz’n,ejan emgodi nent , dmref of the reference
Riden)) 5y @Hdedlly current [BQHAGHON 17]

prlo Pl% dmtar of the target substrate. In
an e o,d{]?;gent dm ref
[0053] In an embodiment, dy,.er of the reference substrate may be measured by an

eddy current sensor prior to measuring dp.ir of the target substrate. In an embodiment, dy,.rer
of the reference substrate may be measured by an eddy current sensor after measuring dp.tar of
the target substrate or the average of the before and after dpm.ref measurements may be used to
minimize errors due to temperature drifts during measurement of multiple target sites on the
substrate. As previously stated, and in general, measured conductive film thickness is related

to conductive film temperature. Hence, in environments where the temperature may be
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of the reference substrate nmay be neasured by an eddy
current sensor after neasuring dmtar of the target
weubstoostie or the average of the before and af PeT/US2006/023033
dmref neasurenents may be used to mnimze errors due
changing, tacgppéd rpprok enaionfof thedefarerpe selatatecmbdictive it thickhes dy.r at
arget sites on the substrate.. As previously stated,
least {g0 GRS Tl atiABA BEY B8 dER YRSt PGS Hhaki EkerRbgoeghe

meastir@hRhest 4,9, G0RAUGE | Vikeh bftR 1LIPELBOURRNt, BRVERredcl substrate is a
envj ronnents where the t er;pler ature may bechanging, a
r

smalldeystingpask ekinaami Gneastlugtive frlorf thicknese s bspasitiamed relative to one or

t ' ickness,dm.ref. ,at | east for
more%ﬁ?g@ise‘?\ég? fgianﬁn gé{%%f)ril om, Suh%?t%g’ t?ferp??{%@%by aver agi ng a
[0054dm r ef Thakembbéihehe thduhidkaesof erm@att RhdeiivedMm dn fibstrate with

r ef t@ke,n after. I n an enbodi nent, the reference

d
a plurglipyoardictive Almpmay bp amdihegiosamINSH. limeowerah e measured eddy
h . - : e | ati
cur OB 4, LM BAHREES, L0l SRS I RRLALL o
that sehstreter dicvaver, ffer neeasficaniuci@GOH4ls, tachavitleatiotiidme isistivhe p with
ttI%i ﬁkness[ of a target conductive filmon a substrate
respeglity FPIPRtiiEat PRYCHRT COHERYS o §ddv urpalresonaaga 6c fsolated by

meas@@igah&hf@gatd BdFCNBIeA resfbilBASHEBErH BnfelthR8 bwhere n is the
response on a substrate includes the aggregate
numb%@t%@

ndeativeflilmp pn gheribstrate:elnf practize dine bdbavios obgkerfdmestack to

small SRS o B P Bt 6750 SHRPoHEE bRy D it v T some
auto doBipehsdbA FackQNPPFIatl thal/ thdR RAXY SHEL B '&Bes&ﬁt}ﬁ/ Qig Jifhe

be isol ated by neasuring the aggregate e rrent
knowledgpotibe namericalivakugroé the temppreivat credScienthbuteonly that thheeference

Samplg%@}?ﬁe lﬂgetﬁégpag%eﬁ%}‘ee films on the substrate. In

ractice t or of the filmstack to snall
[0055¢ hange Reffgirib néw o PEG A& %(S[mlglﬁ@’:dbﬂag’iélm%t)ﬁﬂﬁﬁhg’ femperature
tenperature coefficient aeff. The same auto =
Coefﬁ&@%%ﬁﬁ%ﬁhl%@&séﬂ appidseiéte Waysubsentigly weadtisiig(Ce actording
0 : £ h 0f numer i cal
t
0 o O B SRR B o0 Yl Wt mean
conductiee fibh dridmess matngsaome (Y 6 ofti eetidahexit 802 stowwdictive
now, t l'jfied diagram

055 ferri FIG 6, i ) :
tempe R RaPe i P MG AP TS GUE R Beck: GherbaPortl SRAGLE Shows the
nomifa@¥alde 6P YGhpEutd éd@fﬁéﬂ&ﬁp@ggB@%é@ FHOP! riRd a9¥§g 12 shows the

. according to one enbodi nmen I nvention.
variatipgrin zectaie adpliado6(he ssbrimate witle filre ask e Righe aexticainatisog(4vsBows

R Bt N TR,
That is,ubs irh@boeembrthn E&dyﬁlﬁfeﬁﬁﬁpoﬁélﬁth%.b%qg}%é&kabliﬁt? %?\%}g ibg o

shows the nom nal value of the tenperature coe
correqiiop @583 gearipben muroomHempenatyee. Shds istmowenidne isshoivatas point plots
6og. 1 n effective alpha for the substrate with film stack.

Ri ght vertical axis 604 shows reduction in 3s

[0056yar i abid génerdlyabbrg ace@dtd tiréoholl 2€ theaddP Yurrent response due to that
iapl.ementation of the inventjon. That Is, the .
tafgetiﬂ%ﬂa%%ﬁ fe-g-r7 thighis confveive Hapohe effeqtive cempssature coefficient (o)

of a cERREAI RN, |sh¥wh BYSES, Qﬁ/proaches the nominal temperature coefficient (c.) for

that conductive film, shown by 610. Hence, only a relatively small number of reference
samples may be required to calibrate the eddy current response to a measured conductive film
thickness. The actual number of reference samples will generally depend on the precision of

the temperature compensation desired, as well as the thickness range of the target conductive
15



correction of 2-30C variation in roomtenperature.
This inprovenent is shown as point plots 608. [0056]
wonogaaenal , above a certain threshold, as thepreddg2006/023033
current response due to that target f|In1|ncreases
LU @r grampl¢, RRGICECEGHE gempensation oy copree filhs$ kst thae ~40004, at 614,

r f ( a_congduct i

may DR Bl g OB etk Pl o e A 58t e 40004
signiteef mpbesherft apulfide obhiedoattysihpdeeidnte saﬁﬁﬁ?l@@vi@)ycopper
h'1610' éFnce Ié relatlvely smal | nunber
thickness E@%Qﬁgp 00 pyhip selption; of dlap anprensiatdeQitastion eoefficient
withi@ SRl 188t r ve film

Sl s DPRROOR sl R e OO e o i gt i
thickgpsh &l thy udepenttddirstiheaspreaehsicfthebrgdehflh enper at ur e

t d d he th
10075 0"P b i S BT cien e i asfciel drprastre@ady cuasent response
on a substRes Aklides ¢RMPEREaL 'r@s@oﬁ&ﬁ of AP E’(‘ﬁ{duf:ﬂl‘!/é"ﬁhﬁsetgﬁggmiastrate

-4000 A, at 614, ma% be quite small and coul
HOWfW@h Preset phpandugtiye I@f?p@ﬂChf\mﬂmdl@ﬁemt wsistiiiy p vi00@dpect to

S bR DRERNATE i R0 00 B B e e
the aggaamm antﬂy J:Grr%&éspoﬂiﬁb&at&&hﬂ“@&hﬂ@m@& ahes, @\@Jléfeqpfs'tﬁé Rumber of
on coe{)fl Ci ent within the smal I nunber of

Cond”rcg %n e spbsteatandythy sonshistive Bims hvee différentttempératube

coeffitRhEe cl.ed st
s oL e el TR ANAEBRE BTN of ks ey curren

measyyemoitogusod hyghffﬂnen‘eﬂ],ms Roigexaatpid, a sabsimaswite yve 86htuctive films

(ic., urg-ent resg}onse on,a sub gate i ncl udes the aggregate
P St A PE Iaasrg ALISE Eeien spPer AR in eides oy wbdantially

isolatdi@vdeMmes det&%lné‘t}&%d?fcuﬁ&ﬁ%’s%%hééeattfn'bh{éﬂ to BAC Br 'effetcgncﬁlctlve films.
different resistivity p wwth respect to tenperature

[0058bar t i cditany ebied iemmperaufe T,m slisisate with ewd condietns ﬁlrmilylay be

modeR§ ak.SOl ated by measuring the aggregate eddy current
response at n different tenperatures, where n is the
nunber of conductive filns on the substrate. |If the
conductive filns have different tenperature

cdef fi(€i-ent B; La-hils DknBR(ddge. - 1&, Wsed t o [EQUATION 18]
differentiate the portion of the eddy current
measur enent caused by different filnms. For exanple, a

Wherestﬂ%g fsaéﬁéea(‘b%a{l I?nlgg%%rsg gﬁéj?fsi Eon%gg‘qnf éﬁm ﬁgﬁ%éé}tca 's%kgtrate da.crm

is the acrtu@irthileknetssy ofabxbadtomluctivé 81ph ah eheabbrdrts Suslehey 1%6 sensor
resp e attributed to one of t

proxn‘gl(%gy t d%gtg&lur: Wxﬁtgllm,[ ) 1smes1§th\9tygqf\ﬂé¢1ﬁfsé ﬁem;lfugtlm ﬁlnTat %)
tempeﬁdﬂlﬁl%tlf @Eﬁ (™ fsfi‘eé%ﬁln‘}%@@%b@l ;n)hﬂ&v'gg%{%bi‘t@%&p%%m%ég Bisa
condugp;vg lnnth)gkn[eﬁ(&p&'m &8P (e.g., to account for conductive film 3-d effects
such as very thick copper dominating the temperature behavior on Si substrates as shown in

the previous figure), and V is eddy current response in vols.

[0059] Substituting, EQUATION 14 into EQUATION 18,
Per(Ty) Pera(T7)
=R o +—S=PR_ EQUATION 19
Per (1) o Per(T,) “ [EQ ]

16



where dA-cFi is the actual thickness of a first
conductive filmon the reference substrate, dA-cF2 is
woheo7aosual t hi ckness of a second conductive fPCTUS2006/023033
the reference substrate, p is the sensor proximty to
WHeTg he 1A SRR Eref 4t whlclvberedctyrgurregt reemnse u&/megsum‘d thue the

cahblfrajgérl? ]t's P‘ﬁ)%%%%béc\éte Q éé J‘Seg]g laY %fttﬁfgﬁ{: i at i Uﬂ y%ﬁgg P2 ) Aopal) 1 r651st1v1ty of

the setcemfbafrﬁlhc!ﬂi\&: fllm, tR |C§1 1§1thé®ﬂdyl Gl ré Pglgﬁe?g‘é%ﬂg?‘?%ogd%lﬁwe film at

h Eg%gﬂndent ratio .g., to account

the caybppliop faRpL R ll%c 68 ls/téﬂuey:dthh PEKent syspettse b mermwmigcomﬁectwe film
Vi Qr, t

at the grﬁfe{@fﬁgﬁg %&Ba?ﬁ%ﬂ B %n g di?(guvé%ggﬁl t?:l%;ﬂ?%ﬁ {%l%}?eggig% nr% aﬁg% is eddy

currelwtabmnse[ 1@0@9}; Bhnigss Fortasubstepte E@de Chhdirtiv e fitm EQIATEN

tempdtQisa HEr 8 S5pTolfy B EHacBbigyKur e RePBaponse |5
[0060Measur @thwel®r, iStht Bg%r@@ité Bagt du?l%nf ﬁ%ﬂé@#}f’ft %bs&gtlé WIE% two

'S reS|st|V|ty of e first conduct
condycgve ﬁhnets|g@nm\yllxomeaMeck@dchatamcﬂmmmeeﬂnpbmma @eCHLy current

o RSP RO B i BB ron 1

may tedeywrittenrfentwd w@a@edafy chﬁ@nﬁﬁéd@ﬁl@nﬁ:ﬁﬁdéi@etn! ¥ 8w birrerdd:
the calibration tenperature, b is a conductive film

lempyR @¢ss dependent ratio, and V is eddy current
response in volts. Thus, for a substrate with two
conductive filnms at a given tenperature, there are
gdherBR| y, tv@pRNknowns, RO-CFi and BR C CF2. (HOORGION 20]
However, if the aggregate eddy current respohse of a
substrate mnth two conductive filnms is generally
%ug ast at two different tenperatures, the
#@nf é@panse of an individual condufiQUATION®I]
nay be determ ned. For exanple, EQUATION 19 may be
re-witten for two aggregate eddy current neasurenents

herd, B £
wherd Ifenp@qm)é@@% |2ﬁ2201 c@gﬁé}?ﬁd@g{?{)eéi P C&%&QBW%DZ
pcpz(ifcﬁ_cggm 21] where, = pCFi (Tc)/ PCFI(T 1) , B2

00s1RSE, Té@c/om@ﬂ@e’rst%%@fﬁcgé(Eg@%ﬂﬁwqj@rgéﬁégmw 21 can

be furtte sigiplificEQUAEI(PRnéOs ROR: EQUATION 2 1 can be further
sinplified using Cranmer's Rul e: [ EQUATI ON 22] PK-CF2

[ EQUATI ON 23] 10062] For denonstration, this equation
can be further sinplified in the case in which one of
t he eddﬁlcuﬁqent response neasurenents is taken at the

calibratxgncgenpgﬁégumegﬂFor

-CF1 = B C, (B.C,—B,C,) [EQUATION 22]
B, G,
no B
vV, B VB, =V,B))
PR crs = oty = LB Vo, : )
CF2 C, B (C,B,—C,B,) [EQUATION 23]
¢, B
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exanple, if Ti is the calibration tenperature (e.g. T

=T1), EQUATION 20 and EQUATION 2 1 can be rewitten as
wéoabdimasz11V \ = -CF) + b c- CCFFI [ EQUATI ON 24] P¥1/US2006/023033

B2Rc_CFX + C2bRc_CF2 [ EQUATI ON 25] where, B2 = pCFi (T
[0062¢) / =( FeOddmERptidn, thi®0GBLioAgan be frather imphifiky in the case in which

der,stood in the art AT, ATI ON 25 can
one op e £y 'ﬁl&‘f%i%ﬁ?@*ﬁ%ﬁ'@mtrg%@ts emhe} at g Agr R RN, For

BB OB ST R (L QLA EromIet e o pogmon
21 carbe reveitteniaggolidws: ng EQUATI ON 26. S . = [ EQUATION 29,

- - a a [ EQUATI ON30] (I +< CFI AT2) V\,here RC-CF | is the
eddy current response of the first conductive film at
the=qal |.pr #Ri on tenperature, acFi is the tenP@Q@’gqqq@Nm]
coefficient for the first conductive filmin dégC ,
OCCF2 is the tenperature coefficient for the second
conductive filmin degC 1, DT2 is the difference

bét B thet&alPRbeat i on tenper ature TO and t BRQUATION 25]
nmeasured tenperature T Vi is the aggregate eddy

current response at the calibration tenperature TO,

wheleaeg —VSCFaeJ/ Bsplmﬁgg@é@%}/an%z@ %Ffz(legga%&%’?zg@(li&m'ra

red tenpera te that
[0063i nt er es"tg@dl, ahcaumdnkytundersfootl i the mEQﬁMI@m a4 aﬁd ER&JATION
25 E ve .con r|bU.t| of ,t two films (i. b, etc.)
cal ge W‘l@d’ %851% Wgtruct t he normal

correlation functions based off of RCCFl s the
substrate and tenperature i ndependent eddy current
respons¢yand |thus report an inproved eddy current

result S | filmthickness. [0065] Likew se,
the edd ent’1 se for R C-CF2 may be gs8oMWTIaN 26
b &%C 2]v2 H2f (C\-BYl [EQUATION31] (I + a §T2) ]
C,
A
V. VB, -V,)
R, 2 12 "2 EQUATION 27
ﬂ CF2 Cl B1 (B —CZ) [ Q ]
C2 BZ
[0064] Expanding, for example, the denominator of EQUATION 26:
r(d+ AT,Y
. (L gy AT) [EQUATION 28]

(1+ @ AT ™ —(1+ aCFlATz)"l

Further simplifying EQUATION 26:

18



again where RC-CF2 is the eddy current response of the
second conductive filmat the calibration tenperature,

wo 20@/0@saonduct i ve fil mthickness dependent raPCo/US2006/023033
OCCFl is the tenperature coefficient for the first

copductive #{lmd, yC-¥, acR24is, jAE)tenperature
co Mmcw*%%m&ﬁgu—cﬁﬁ | m i BEQE4TION 29]
DT2 is the éenc(e n t A& edtizbr ati on

tenperature Tc and the nmeasured tenperature T2 V1 is
t he aggregate eddy current response at the calibration
tenperature TO, and V2 is the aggregate eddy current
response at the neasured tenperature T2. If both film
?nals lareVdbsieredZacr oss si gni fi cant dlffepggggﬁ,bﬂlm)
Mt hi c néssqagmﬁ)nay construct wafers to & ]
the rel at nt §ut| ons to the eddy current
rreasurerrents ag fAOTI; the filmstacks of interest. For
exanple in the case where a copper film (CFl =copper)

pri. varyi across, spne range o thlcknesses
wherd, B0 Big ity Fmin S ha it n SBFcandaciniy ke D
tempé&aiiire) &@Fltlbﬂle(t@fhﬁ@hﬁ&é CIRFHESH IE5thD BSE doRRERNHLLN, 3&5} Docr is
determ ne an eddy current response Rc-cF2 normaliz

the tegypersdure gapifigigat fqr e aemlmdwye Bijmdi iegl ﬁ,gAEQsJﬁlﬁ dife@nce

betwe%nk@(e &;h%‘faa%g.tc):m %{%ﬁ%g W éﬁr I nﬁ%ﬁeéigteglpe@&rgﬁm Hi 1ﬁ &e&ggrega‘[e

eddy bllmreﬁk nesponsefiat &mnﬁw&bn WengferdtieM QI 4RIV d?lfs the SEUMEBAEL dAS current
material on a target substrate, according to one

respoRsHS firarsurd ERECTRRYR At Note thptif pnelsl Oylly mtermad ingconductive film
1, no idéé@lied éjgfythg W I%t%tcg?ner{e‘t}% on bP %hreg %E%%Co)gﬁs E&@twrgfi One

may ﬁd%c&ﬁtruﬁfth@@@ﬂrﬂal OMelhﬁorDﬂﬁhb‘u&ﬁ %a&@sdff HOR, 5 Q(ihe%hbstrate and
a set of sensor electrical responses t

temp‘?ﬁﬂ%@@"‘*&@“ﬁéé@f CYHAL gispensgand Hye repeakay mmmedanddy gurrent
nsuh%u&{ﬁﬁ@FﬂEﬁﬁM&Sﬂﬁﬂg is nmeasured. Next, at 706, the set
el ectrical responses is corrected using a
[0065ﬂ enper atikavese dipentigrtirrennpgoasd fop R, Faci5rbe showaerer al |
t he tenpeggtureég%ge?gent conmpensation factor is
derj ved_fs0m @n FVsubstrate and i s depend
t gnj%éfét Ur@+chanyg) Finally, at 708, the thi 8oy 31y
detern1ned(‘7%%f7f@; corrected first set of electrica
responses. [0 gﬁ ile this invention has been
described in terns of several preferred enbodi nents,

: &ﬂ}re are alterations, pernutations, and eqU|vaIents
again yrieph Regpais ety comrnt sesppesesr thersesondaaduetore, filn at the
ibrafg e aIternatl
e R 2 s Bt e Rl SR B
temparatu@r\ctmﬁ’meﬂt horaitiel ﬁtst oonductiee filny anddg0n, bis, iothe |t¢1ﬁp6r@tdre

rticul ensor_ desi t hod of, detection,
coetig GOl s EmN ¢ A R e BLs i EPeats batapen the
calibré@sTRRRBatuIE T, BAY tHRIAGKuRE @éﬁlxﬁe?éthlte' B3y 0fs tﬁ‘e ?%?é%)arte %ddy current

vendor"s net hod of reporting ‘a sensi b e
respope# theerdlibuatign tenparatuteiBnartdnd, se]nmggsegmeddg cugrenk response at

the mgééﬁ%eﬂ%rﬁfo’ér%mé jilze If both film signals are desired across significant differences in

film thickness, one may construct wafers to measure the relative contributions to the eddy
current measurements as for the film stacks of interest. For example in the case where a
copper film (CF1=copper) is primarily varying across some range of thicknesses, one may

determine B(d..cr1) over the range of interest and use the correlation results based on
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term set as used herein includes one or nore of the
named el enent of the set. For exanple, a set of "X
woebwEr®szio one or nore "X " [0068] Advant ages 8€TMmIS2006/023033
i nvention include nethods and apparatus for optim zing
EQUARI@N&6tto ﬂctairnineap@d&;ecttrmnarasmwa Relcmendraybredarras various film

b | ude th f
il by i ril AT ST, 0 r et ine proxi ity
[0066FOT I eClRe@éhm?ﬂQwhb gher7 Satsﬁﬁﬁlﬁ@éd%a@a&%sma method of

t hr oughput 0069] Havi'ng di scl osed exe
deterrainiigi thigkmsssaid qonéumgt mddenedafdi qomdmtwensatemi on a target

substrafe! > F&tokcﬁﬁéltoﬂﬁegé?%c{éﬁa \H&nt o% gger}ﬁ}sednlé%fll g‘}}gg@}’p %F?(?i, g&ﬂtstheéldy current

sensof Bqﬁ@iltﬂoﬁéd asr deby dfqﬂsﬁmni dSlﬁthfe@dtrlgét\MuBQreﬁé dh BB efalbOliMRnt, the set
is clainmed is: 1. A nethod of determining a fi r st

Vhat
of posrtionsyinealy g PRSIHPR-Next 8hifife aiscioTPnsaT eleptiiedl tetpoasesithajtincludes
at lea§QREWEL LY ggz%gsm%beﬁﬂ 4 A8t S RSEh At & msggﬁper& %&?, at 706,
p03|t|on|n I r current sensor near 0
the sepokéledtoes rcnposms dis ¢caregmt1 usmlgsattempa‘atmds;wndﬁg cou@emgttmn
curr aensor a fert set

fator Gl g UL AU AT RorfeBation ket dgied gompanothe

substilatel &l 1Y @éfeA@ht %ﬁ@&ﬁ{)&%@ ciafgk. Fiddll ;ysit 708! th€Mickness is determined
neasurement; correcting said set of first el'ectrical

using thesqearested firstisapofelectiigsd respomses. dependent _conpensat i on

[00671610t or W'B e tﬁl‘iesb%genrgltogllhglggge& dtecor g?l %d éi%etvreﬁaggfe%rred

| ectrical” resp

embodiangnes) §rkd 48 aftaations, ?eﬂnﬁgatﬂfﬁ% %nﬂ%@lufvﬁléﬁts&vlﬁ@lﬁ £r Rithi@fhe scope
substrate different fromsaid target subst rate, said

of thl%léliVPleO&lt ftshowldisdsorbemetadathatiibers axcamamealicsrativevays of i | m
1mple£r%r8gft?§thgf Poc'(f‘sCo‘mﬁjﬁ é’re&?lg ﬁ'fsv'gl?ftgpm %%dlf%n C%ﬁV%/rguon is not limited to

ntially sim [ cor

a partivateae sembr ddsigg intbtlicalr feletestihis ek aitgion drduelelycadtiveiop gassive
d first thickness usjng. said corrected first set of

S
electféﬁﬂL%ﬁthO@ﬁP‘fs & apppideispecaliartties ofasesar vender simethodwiaererking a
senmb?@'s@n&lqmg@ hfh 84 9GRS r}ﬁi&*gttha‘ﬁqggesgﬁﬁf ﬁﬁ bagter F}Jﬁhermore, the

t al ned y nmeasuri ng a secon eCtr I Ca
term seesqawé dsrefir moluslas dnécm méeatf Itlm’na.mddﬂmma of grechet. For example, a

Setofs‘gg C{; sai d te r,at ur e- dependent conpensati on
2olai &‘?Fé?fﬂ“r% set of conpensation factors, said

[0068] enper atdvasmaensMBe e UHIansad in@fhoﬁ@Qﬁcpﬁppﬁ%ﬁseifoﬁbbﬂﬁﬁlzmg an
to said second set of electrical responses

electripgl 1968RPIGE t0cd epnfuptivihlayesiom asabstrade itgenal @cﬂvan:cages 1nclude the use
ensate for a set of

ot TRERRI 0 AL SOPRA DA Rl LD

measiremerethromighputcal i br ati on

[0069] Having disclosed exemplary embodiments and the best mode, modifications

and variations may be made to the disclosed embodiments while remaining within the subject

and spirit of the invention as defined by the following claims.

20



substrate and said target substrate. 4. The nethod of
claim2 wherein said known set of conpensation factors
wonel7wdea1an estimted target filmthickness. BCT/TIS2006/023033
met hod of claim 2 wherein said known set of
conpensation factors rel &IAIMS changes in resistivity
of said second conductive material responsive to
What haaiged id:n tenperature. 6. The nethod of claim?2
wherein said second set of electrical responses
1. I aphehedbf fderdinRyQr ASl MitkAdss OF 8 Edt c6Rducki®s BRNI&Sned of a first
measured on said calibration substrate, said averagi ng
condugiévpiaptietjaleny oiasgad gebsirate; eapisit@ire drifts. 7. The
met hod of claim 2 wherein said nmeasuring said first
sposiidning efirsticddy curemp sansessneanal sg@if gositiarsurn said tiageti substrate;
second set of electrical responses are perforned using
S Hiedsu[ringsmsimjmid first eédit cisenswnsor8a it ectndtelenttioal respaises that
ur|n said first.set of electrical
includBg i1Ghe ate SRRl ot VRgeREAng adiEgreabmeggurement;
el ectrjcal, responses are perfornmed using substantially
SPORGCHpg ﬁ@éssafr%frﬁsrﬁtt elegirigad @ép@se@um%%tqm%areoéepén%ﬁnﬁq

comp&lsmﬁbﬂar %ﬂérgb}nﬁaﬁfﬂﬁﬂfwc&fé LLaFRGRR dﬁ%&g‘?éal %s?&tﬁeb Gald

responses i s per using a secon
tempeseemseiepelmdehmc&npen@am faatbobding shtamdd frooua cadmratsmrmbmate
d of clai. wherein said determnin

dlffer@g If@-lg{]?aﬂ gh sElert]r@ges sepgrj;n E‘T:!]Lm%téonc%‘ §t@a[t%€ziwﬁ@g a 5§cgnd cgnductlve film

forme@ %f E @560%@ cbhdtive ﬁ{atéi’fal ﬁia?ﬁtsﬁbsciﬁ{tla[@ §Hl‘i’1![h'i &S séﬁ’ﬂ tfli‘st%oﬁcﬁfctwe
hi ckness correl ation curves. 11 he net hod

mater@lafmdltameés@ma‘gaa@ﬂ first conductive f| | m corrprl ses
at | east one of alum num and copper. 12. The net hod of
c Hetermihingtseidefirst thadkaedsi usaily ssitcoafectell dicdt setodlel actrsqabrespanses.
represents a set of electrical responses that has been

2. C Qhe aetied dfetaifr IOWhéBeﬁl)/said&Emiééﬂaﬁiﬂe dependent cdaipdndatibs factor is
g current sensor and said target substrate. 13. The
Obtalrﬁé K EReasring apsernd G oF eicairisal rssnoaﬁe‘@effor% g4 Falabrétl%wbstrate

and seiédid %Qih't%ﬁ?érh&ﬁee agﬁzﬁa&ﬂﬁ:g ERaf& BeteohPa \gn set of

substant ame resi t|V|t responses
compd:rfsm}ncﬁr atre smﬁaﬂgp@ramrd-hemndem eorppmmhmmefacam gerrelhting to said

ntereg} that includes a tenperature at which said
Seconfi PO elegiricat regpses i cal responses are neasured and

tenperatures at which said set of conpensation factors
3. Thgmethask ofichaipp 2 wherein said known set of compensation factors compensate for a

set of known differences in target film temperature variations between said calibration

substrate and said target substrate.

4. The method of claim 2 wherein said known set of compensation factors includes an

estimated target film thickness.

5. The method of claim 2 wherein said known set of compensation factors relate to
changes in resistivity of said second conductive material responsive to changes in

temperature.

6. The method of claim 2 wherein said second set of electrical responses representing an
averaging of electrical responses measured on said calibration substrate, said averaging

reducing errors due to temperature drifts.
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14. An arrangenent for determining a first thickness
of a first conductive filmfornmed of a first
woandwosiive naterial on a target substrate, CORPTIUS2096/023033
nmeans for measuring, using a first eddy current sensor
7. pdbe tietddinkan 2sahaecinsagateasulisg saad Brst actfof ekrtral resfonses

and s Pt B SOEAS hnreal P OTE? G REp R Wng said firteddy

currerffB@syf. ement ; neans for correcting said set of first
el ectrical responses using a tenperaturedependent
8. COHPERARM 2 'Elafixﬁojt @ﬁ@reitl{bﬁfderﬁé’asﬁlt?ﬁ%éd?@ ﬁg‘i‘ s&Yrle ?ﬁ?c% 1esponses
first set of electrical responses; and neans for
and sajiémeasviring sgidsacahdfset off el¢dtiiclk mepensas aregpesfaimed wingatbswntially
set of ctrical responses.15. The arrangenent

..lfirst ; elﬁ
similag EgUIPTHEN PIREY' i n sai d t enper at ur e- dependent
c ensation factor is obtained by. measuring a second
0. Sdpeger dé@fhne WL@E%H%Q?%SP% $piq Seop atHog flostiical responses
is peroHRSd figh£a ddoh@ 8N cilrf &R AiFBI ek oRURR! i3 &idy¥ftent sensor.
sel ecting said tenperature-dependent conpensati on
f . t f . . i
AR b L R e e R S
correlatingsaidcaecmddirstetet of cladtecd réspahses edthaneest thifinesElverrelation
arrangenent of claim 15 wherein said known set of
®tonpensation factors conpensate for a set of known

differences in tar%et_fi!n1tenperature vari ati ons
1. pdpgaethodaf¢ledm i whereingaidsiiskeonguetivgdtimseomeprisgy gdeast one of

Jumi hii8bsher.17- The arrangement of claim 15 wherein
aum1§%{?3 (Enol\%ﬁrset of conpensation factors includes an

2. STLPBIRS AR LI e 00 TSSO OB et o

electricalclesionsésah@tifs beerchaRgRd foiproLBiist variatiyn Bétweah Said first eddy
second conductive material responsive to changes in

current sppser ad gaed taggpt subsdalgr r angenent of cl ai m 15 wherein
sai d second set of electrical responses representin
13. adhewetlagi efglam levberein soil targst pmisats ane said calibrotiorssubdtrate are
R N G e P R TR T
tempegdt@tetadde Mhfeistthaindlutlad R npetldet haivRicanreidSakiket of electrical
calibration substrate are selected to have

resporsgH ateapeasuiedyang fanpespres ak whichwpidyset efepipsaatiop factors are
obtaife@MPer at ure changes within a tenperature range of
Interest that includes a tenperature at which said

| des
14, bl 6 R4l FOOBRRGRs BER SER G Filtp e o2

first canductibé aiate®l on a target substrate, comprising:

curv

means for measuring, using a first eddy current sensor positioned near said target
substrate, a first set of electrical responses that includes at least one of a first voltage

measurement and a first current measurement;

means for correcting said set of first electrical responses using a temperature-
dependent compensation factor, thereby obtained a corrected first set of electrical responses;
and means for determining said first thickness using said corrected first set of electrical

responses.
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2 1. Anethod of determining a first thickness of a
first conductive filmformed of a first conductive
worb@Eroosdiion a target substrate, conprising: PCT/US2006/023033
positioning a first eddy current sensor near said
15. t @hgetrarggehent af dainnbhshedengsaidisinporasae-defpendsit @aghensation
current sensor,.a first_set_qf electrical responses,
Ractoriip ghtang Py e g assenchiRL ofileciiesl Fepoyios digges oalibration
substrARABHE AR m AR t&robd fuBlirA4ihE Qéle&ﬁl%_%ﬂfdec@ﬁggﬁature-dependent
correcting said set of first electrical responses
compensiinen Rctoe s akurven skt pé oateprnsammfectorst saih tehapranretdependent

compliofi BRI RBRE S0 5 A, 9Eh SHRRA Agghamer L ure
. TRP Bt el REb RSO % B SEL A

comp&shd i 4 §t of RhGKNEFFerdtREG 183LCHIGPIARRIRE e Mhfistord ®ktvifen said
el ectrical responses.22. The nmethod of claim?21

calibreffnsy wibsirae et seidriregadsurseadependent conpensation fact or
is obtained by neasuring a second set of electrica
17. Thesparesesnf ofhnian talvheent saghkomnsset aff @nthichfatoarfhctbrsancludes

sai d, tar bstrate, said calibration substrate
aneﬂﬂ%@?$%“%§§%@3ﬁﬁﬁ%ﬁﬁductive filmfornmed of a second
conductive material _that |s substantially simlar_to
18, o ANEAPRESBDARIEE Lo Vhsier o Kgpicsst o goapRfapation factors relate

to chadPOSh ek &ivAgbs %MB%E%@C@M%&% Hatedtal fe@?(gﬁ%dg\rfg té:%{anges in

responses t0 tenperature changes as sa
tempegatbyst r at e. 23. The net hod of claim 22 wherein said
t enper at ur e- dependent conpensation factor relates to
19. chhageangemenest dbinvil § whefeirsRidscsendstd of elBetvieil regonses
materi al responsive to changes in tenperature. 24. The )
represeRERGN Fferaging o dectiigad presppnses mgaswed oy said ealgration substrate, said
avera%lhg?&ﬁlbfﬁ :61{0?53&@@‘%%%62%%3&?5' ng an averaging of

ctric responses asured on said calibration

. SRR B ST AR U0 S4ABE2 S B
substiati aile satased fortgive antshtdniinksy the8hme teststietty kdspahsek @S RAPRRBure

and, sai d nmeasuring said second set of electrical _. i
changey ¥ig st mpeErtge ringen dntersstibatdugledepiarempegtye aiuwhighsaid first

set of RfAERG] reé&onsggqﬁ? mekBada ld %h@:efeygfrfgsl %fgﬁ{igljl i & &t compensation

nmeasuring sald first set o responses an
factors arecbbie@aglir i ng sai d second set of electrical responses
are perfornmed using substantially simlar measurenent

21. praomethol 9f ddternlingngreefilkothi ket odlia MirdZowhiedtiee filsdbeined of a first
neasuri ng. said second set of .electrical responses is

condyslys BietpEid! Qs Fryeet suREH CRIBBRISIBRIr rent sensor di f f er ent

fromsaid first eddy _
positioning a first eddy current sensor near said target substrate;

measuring, using said first eddy current sensor, a first set of electrical responses that

includes at least one of a first voltage measurement and a first current measurement;

correcting said set of first electrical responses using a temperature-dependent
compensation factor that is determined based on a target substrate temperature at which said
first set of electrical responses are obtained, said correcting resulting in a corrected first set of

electrical responses; and;

determining said first thickness using said corrected first set of electrical responses.
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current sensor. 28. The nmethod of claim22 wherein
said determning said first thickness includes
woan7@ostii ng said corrected first set of el ect PCTAIS2006/023033
responses with a set of thickness correlation curves.
22. 29heTimgharbethdadnoll wheem 3 teinperatune-depethdémtrogatpensation factor is

obtaige B G senaRrip £ RerioahB MR IEeR) sl Adwget

differbt f+RBAH @e{rgétesuﬁﬁﬁa’?% 88idWhlihthforPsulbSHRE haliH V\%@ sé%ﬁ%oﬁcﬁuctwe film
interest that includes a tenperature at sai d

formedj af gtseeand cohdedtivetmateridl thag mhse@aélw simmdarda lsed fasicconductive
materéa?@?%%@%?%eg gug‘sttra\{gjan% u%sa%eu%laﬁy sintilar F641 l’lg, Z%g:sp?)ﬂsefs 35 %emperature

changes as said target substrate.

23. The method of claim 22 wherein said temperature-dependent compensation factor
relates to changes in resistivity of said second conductive material responsive to changes in

temperature.

24.  The method of claim 22 wherein said second set of electrical responses representing
an averaging of electrical responses measured on said calibration substrate, said averaging

reducing errors due to temperature drifts.

25.  The method of claim 22 wherein said measuring said first set of electrical responses
and said measuring said second set of electrical responses are performed using said first eddy

current sensor.

26.  The method of claim 22 wherein said measuring said first set of electrical responses
and said measuring said second set of electrical responses are performed using substantially

similar measurement protocols

27.  The method of claim 22 wherein said measuring said second set of electrical
responses is performed using a second eddy current sensor different from said first eddy

current sensot.

28.  The method of claim 22 wherein said determining said first thickness includes

correlating said corrected first set of electrical responses with a set of thickness correlation

curves.

29.  The method of claim 22 wherein said target substrate and said calibration substrate
are selected to have substantially the same resistivity responses to temperature changes within
a temperature range of interest that includes a temperature at which said first set of electrical
responses are measured and temperatures at which said set of compensation factors are

obtained.
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