- 1 - REAL-TI ME MONI TORI NG AND CONTROLLI NG SPUTTER TARCGET ERGCSI ON
BACKGROUND OF THE I NVENTION 1. Field of the Invention [0001] The
present mv%iogg}{%gat es to a method and apparatus for peplsdobdRsors
nonitoring and controlling surface area erosion of a sputter target
assenbly utilized in a physical vapor deggS|t|on process. In
particular, the invention pertains to a nethod of accurately

noni toring, neasuring the thickness variation on the surface of a
sputter target for the pREMsTINE MONITORTINGANDCONRRAIIHNG apor
deposition process. 2. Descri pt iserTOER REAREREEY BRASIIN002] I n the
formation of integrated circuits, flat panel di spl ays i nkj et
print-heads, and data storage deV| ce s are materi al
sources utilized in the physi £a KGEBEE ¢ processes.

Sputter targetsjare gg@gaabfytﬁgdﬁl—@fndyo@hl y advanced engi neer ed

material of high purTty (€. 9. Ta,” Ti . The
are produced vi 4080hlnber The HBPFHRIS W&“ﬂﬁ'c}iﬂnff&ﬁ?g\% ro essée}fg&geatr?t1

dependi ng on thggggyéggagefappkégfl&ﬂﬁé rd#ileg ihhe aRMDcpheeessing he
targets are enp to deposit a thlfﬂ nmet al fllmaorn a parti f' ar
subts:ratg bCotnrs]quéf;EEyzre(ﬁ QroGHPR 0 P\/Iﬁpb‘rézgés§ Sf"rlE Fﬁgﬁ@?h
sputtered by the n P03 QR dsRcd ot PwoakssNarpe

pl asma and t he spu e%édmga%tgﬁyéés are condenseé3 on the substrgte to
material as thi pakthiouldhe nagnétyen:isysREREIGE §6s a RtHRY
deposition rate_ - un y 78 Resi t-8d fdnkas. The

mat eri al rermve&cf:}’%ﬁt?ﬁg Far%{é(?éggrl% cirsae%om t l’%eonto the substrat e,
creates erosi onvastheios ont oheheurﬁatcgetofd@e spolttter Regss for the
oo o e L S IncAEEEP O T WP A BB an cie geand
target, and ultprateky.cat astrophl c failing of the target known in
the art as "punch-through” of the target. As shown in Fig. 1(a) and
(b), a typical 200nm sputter target close to its end-of-life phase
exhi bi ts visi bl @ nongakterpresasbonrebitte siryd 0003] A nunber of

methods have be%n pr?pose%nogﬁg formation of integrated circuits, flat

panel disgplays, inkjet print-heads, and data storage
devices sputtering targets are material sources
utilized in the physical vapor deposition (PVD)
processes. Sputter targets are generally made of
highly advanced engineered material of high purity
(e.g. Ta, Ti, Cu, Al, Au, etc.). The targets are
produced via a number of various energy intensive
processes, depending on the ultimate application.
During the PVD process, the targets are employed to
deposit a thin metal film on a particular substrate.
Consequently, in a typical PVD process, the target is
sputtered by the bombardment of ions generated in a
glow discharge plasma and the sputtered particles are
condensed on the substrate to material as thin film.

The magnetron system provides a high deposition rate



time to nonitor the erosion of targets and control the PVD process.
One of the nmethods includes the rudi nentary openi ng of the vacuum
chanber to suahhyedsnspect the state of the target. Nat pedigkioosd2R475
manual nonitoring practice cannot be enpl oyed when the deposition
process is occurring, as it causes substantial energy |osses as well
as | engt hy equi pnment downti ne. [0004]NbFe2récentIy, in-situ systens
for nonitoring have been devel oped. Mhnke et al (Gernman Denocratic
Republ i ¢ Pat ent xRcuREfbriNcy 236, 258 dippsdiedl 6sdwsa sYseemaidier®! t he
propagation of surface acoustic waves on.the target Is . utiljzed to
measure and confPBPVeERel TR HodR Eﬁﬁ?%éﬁ?gg SPSg%g 5 ?ﬁtﬁa?%%cular,
two transducersginstahted QRedthes Wrdaen phtthensabhodethputaegéngiue
target are enpl oyed to propagate and receive %heg;urface acousticThe
he

waves. One of the EheadmerRRgessetEde o5t iPE Byerbm FESTRRY ¢

transducers are gtgggﬁgdafg Lbs. su fAGe -0 Whe tangeto ahbebépesibkd de
t he erosion zong, ere part of the target materi al

o)

2007/ 013933PCT/ ES20066028073n, Bess rgmm 99 taAeHpFSFeal ARGt hdFast:

di sadvant age i s_t hat n : ihheodekay Lhbget Sk
gﬁgeﬁ%gDﬁgé%ffegﬁé?%gﬁﬁyﬁi@cfaﬁﬁ15& odek e NOWI

tenperature dep surface tenperature of the
target is a senshtike andisat twunthttieongdd @F thei SATPRtt ur S| ghown
dependent on the_l grge eratu coeffiGient r b target
frequency. A quPhg?gdiigﬁ a%%%ggghﬁ%ht g¢%§l§?2 ma%?ggsgtens Ts
that the wave ampbkéutle Substadtehtlifeatphemgartebibadsr gagébiet Ren-
er osi on neasurenen% difficult. Intaqgétion, the tenperature and
pressure fiel dsUBATPRE SHPFARR BT THE target deleteriously affects
the speed of theosusface acausbér sdiveshods tavien begrnnproggses eHer

accuracy in predicting trayel djstances andthe _state_ of ion.
[0005] Hon | ( JapAHEsES PAPBAEBOLRFeroNS T 631 T50E 260276 Ry T tne

di scl oses a net ot giopeasSUri Ofetbe tity geitHdiscKmedsides spettering
system by attaching an ultrasonic oscillator to the a%ktg %%sﬁgl%?e
r

target in the spufiBPPR§T¥ySPERIRY o dttshg 3t & ic Wave

this uItrasoniciggﬁgEEaEﬁé ERLPet B 1M delngeand deitectalny,t héis
resonance of the target. In another sputtering system Kisg;n%ﬁo ghe
al (Japanese PamentabDovorthoried BTAUOEe Carild R SEPISESqiier

ul'trasonic trany -Eggﬁi?ﬂ?ﬁ£88§5¥e{s SSceHnAs & Gantdseldeer for

arithnetic processing o e output of the receiver. An arrangenent

i s made to neassubsthetpebpagargvnlessrs ois aifldl Badenat Wa Fe L RIERE
makes a round thig Ehrgugh the target in both the eroded and uneroded
region, and the eXtent“of the target erosion has occurred is neasured
by exam ni ng thdopagio of Mbhe meaenthy t olresd i fYFtEHEy G0 PO es 1 ng

Ul trasoni o tranbRver BPERpREnaRaPE navi st (e Thi Conehd: PRCRmme tene

4 - Republic Patent Document No. 216,258 Al) discloses a
system where the propagation of surface acoustic waves
on the target is utilized to measure and control the
cathode sputtering proéess. In particular, two
transducers installed on the surface of the cathode
sputtering target are employed to propagate and receive
the surface acoustic waves. One of the disadvantages
related to this system is that the transducers are

disposed on the surface of the taxget, albeit outside

the erosion zone, where part of the target material



of the target. Thus, nunerous transmitters are necessary to neasure
di screet points on the target. Another disadvantage is that the

operator woyl4l, hayg.40 predetermne the |ocation of the pepeiRN/ARA:
non- erosi on zones via trial and error. [0006] To neet the requirenents

for in-situ nonitoring of PVD targets, it_ia an object of the present
invention to provide a novel nethod and “aapér atus for real-tine
nonitoring the surface of the target. [0007]1t is another object of
this invention temptayiderman erdeddatdoabens i sadevioage ok gt dtiehg

the target's erosion during the entire filmde Lty

[0008] It is yetXEROEHET %Tﬁ <o C’[%é"%ien\?lg?? Vog?ﬁ% oi%nrr%ﬁo%lganture

ul trasoni ¢ devi gepuha&h: pr opagatesulayesheyv enr Ande t tepgtwutire hef the
entire target. [0%

09]I1t is a further object of the invention, .
provi de two or HKBFEehchHlst i FicEs “f#é’FaejB’ﬁe?gt‘gh%n%r%sejf%%t ‘ﬁileCh
ultrasonic si gn@hst{lgnaiépigﬁeg{detr&rgﬁ theserabhy tempenatutravasi ve
manner. [0010] O her objects and advanta of the present. invention

es
wi || becone appareffitieniherst Wf’f%\ty%é’l@iqfl?ni:ﬁ'th% FEERPDN revi ew

of the specificati ' £ caPRepdedshenst o SUMVARE OF
THE | NVENTI ON [%ﬁ?ﬁ%{% glggzikﬁg%obj ecti \(/aes ar eggrret by the thod%,fe

and appar at us ofratheappbsmte jswasritansialAyc 6EEPRYAE®S a2 BT SRPRTE

the invention, a_net hgg-néa% Jeeﬁfe!rftti - ﬁ(yﬁi%ttq_ri Ry syufacenareaeer osion

of a sputter taFfget and controlling the physical vapor
temperature and pressure fields on the surface of the
target deleteriously affects the gspeed of the surface
acoustic waves, which in turn reduces the accuracy in
predicting travel distances and the state of erosion.
[0005] Hori {(Japanese Patent Document NoO. 63[1998] -
290,270 A) discloses a method of measuring the target
thickness in sputtering system by attaching an
ultrasonic oscillator to the back side of the target in
the sputtering system, radiating an ultrasonic wave
from this ultrasonic oscillator into the target, and
detecting the resonance of the target. In another
sputtering system, Kishimoto et al (Japanese Patent
Document No. 6[1994-41,744]) discloses an ultrasonic
transmitter and receiver, as well as a controller for
arithmetic processing of the output of the receiver.
An arrangement is made to measure the propagation time
of an ultrasonic wave that makes a round trip through
the target in both the eroded and uneroded region, and
the extent of the target erosion has occurred is
mezsured by examining the ratio of the minimum to
maximum propagation times with the use of a controller.
However, in the latter two systems, the ultragonic

transmitters propagate waves in the thickness direction



WO 2007/ 013933PCT/ US2006/ 028073 -5 deposition process is provided.
The nethod includes providing a sputtering target assenbly including
a backi ng phafReafisk;3 sputter target having a surface argaywo6inzécss
sputtered to deposit a thin filmonto a substrate; transmtting and
propagating ultrasonic waves in nmultiple gocjes over substantially the
entire surface of the sputter target; recéiving the ultrasonic waves
and processing the signal received to nonitor and determ ne the depth
of erosion at dbffehentatoeat i disison numeropgt LepnagltbeEetaiHh

real -time; and controlling the physigal 0 SLLi by
repl aci ng t he sPGtEerfhy ?%r"g'eeafspuu;)eor(ﬁ%garc%lgnéogﬁggebet‘ge)r?empf;le amount
of erosion of thacSputtefsisavgetagd Q&1 2hadcahdi ngetatanoidiekd depeetto
of the invention, an apparatus for real-ti nmoni_t oring r e area
erosion of a spEF?@?t?ﬁ‘gb%‘F %&Wﬁ%’él‘jﬁ&& eﬁ%%%%?t?%&n Ifb(?lgcess i's
provi ded. The appgkabHSzbRes USES tarisUtLhEY isagotar get assenbl y

i ncl udi ng a backi ng gl ate and a sputter t,a(r?%%t ha\éi ng.a surface area
which is sputtef8806b depBRitest i HEIINEHES Y S8bstPate "at | east

one transducer ﬁibﬁj@?é@%m&%@uﬁhﬂ%ﬁcg}&% afe tideahaskiage pbatento
transmt, propagate and Teceive ultrasonic waves over sugst aati ally
the entire surfRtesehtt heveptiekrtq Hugetden JpHryel PeEkPYe?™ o

provide and recglyg, 2yl £8P dLOMRE rini@RTho0BRe! BaRsdusess e
oscillator or a"drgitrzing circuit/device to record the ultrasonic

wave signal trahsmapeted and received; and a program |l ogic device to

noni t or and det ?hmﬁ thelge% harggtfglo%@%&t Q@i theenhvéReadbhons on

t he surface of e Sputtering target 1n real-tinme during a physical
vapor depositi oprprodesan eMiB@D8Y/318¢33RCHeUSZE06PE2BORRtOr g the

BRI EF DESCRI PTI ON_OF. THE. DRAW NGS [ 0013].T iects a ages
of the inventi oﬁaWFFTﬁe‘é]é%%l%%%relrﬁgO# Fﬂoem%?ﬁg%oﬁg% ﬁgpggtyg?%ed

description of thelpreferred enbodi ments thereof in connection with

t he acconpanyin raw n in which like n r n he.sar °
f eat ur es:rrp[036|14ﬁﬂsag 1(2351]::}%,51{‘%%9&‘3'%1%3’ %é%mg}gn??l%n% @s%gtgtgrelf c

target after thenBYByPEACESSrdowic ddwise: tuhilde pengdaghtbpf waphaseyer
with a visible erosion pattern on the surface thereof;  Fig. 1(b)

illustrates a gPBPhEBAPUPBRrESERt RO O 34 tar get shown in Fi g.

[o009] It is a further object of the invention, to
provide two or more acoustic devices that generate and
detect the ultrasonic gignals in a sputter target
assembly in a non-invasive manner.

[o010] Other cbjects and advantages of the present
invention will become apparent to one of ordinary skill
in the art upon review of the specification, drawings

and claims appended hereto.

SUMMARY OF THE INVENTION

foo11] The foregoing objectives are met by the
method and apparatus of the present invention.
According to a one aspect of the invention, a method
for real-time monitoring surface area erosion of a

sputter target and controlling the physical vapor



1(a); [0015]Fig. 2 depicts a schenatic cross-sectional representation
of an in-situ nonitoring system [O0016]Fig. 3 represent a schematic
sputter tar @eeiRl Yy with the transducers inserted i np¢fesRaGiehd9

plate; [001 I Q. I'Tlustrates the real-time nonitoring system
including the pulser/receiver, the oscillqscope (or a digitizing
circuit/device) and controller; [0018]Fi§.?5illustrates a target

assenbly having the acoustic devices inserted into the backing plate
at an angl e rangkepgsﬁ.tQBhSpﬁ&Scdegrie@apxicrvirdealdat i &\het oeahpdr éEﬂHﬁ‘g%ﬁ ar

to the plane of the tar et Iate 9 t
profile of a sp&®FPELILEHgBt: p?BB?ﬁ% ]tgr? reﬁFﬁ?@n% Eggggdgﬁg %on
waveforns in (@hcggﬁglﬁgaggagﬁdOQIgpu&ﬁarfﬁargmtpmawang(a)shrghc¢y

eroded plate (33.33%of the nomnal |ife and ,(d
pl ate (130.48% erephwhishi gl SPrEegred t adilE ke $R5R! ¥15h088K 2

substrate; transmitting and propagating ultrasonic
waves in multiple modes over substantially the entire
surface of the sputter target; receiving the ultrasonic
waves and processing the signal received to monitor and
determine the depth of erosion at different locations
on the sputtering target in real-time; and controlling
the physical vapor deposition process by replacing the
sputtering target upon reaching a predetermined amount
of erosion of the sputter target.

[0012] According to another aspect of the invention,
an apparatus for real-time monitoring surface area
erosion of a sputter target in a physical vapor
deposition process is provided. The apparatus includes
a sputtering target assembly including a backing plate
and a sputter target having a surface area which is
sputtered to deposit a thin film onto a substrate; at
least one transducer disposed through the back of the
backing plate to transmit, propagate and receive
ultrasonic waves over substantially the entire surface
of the sputter target; a pulser/receilver to provide and
receive a voltage from the at least one transducer; an
oscillator or a digitizing circuit/device to record the
ultrasonic wave signal transmitted and received; and a
program logic device to monitor aﬁd determine the depth
of erosion at different locations on the surface of the
sputtering target in real-time during a physical vapor

deposition process.



[0021]Fig. 8 illustrates the reassigned spectrogram of the waveform
in (a) backing plate only; (b) fresh - 7 - plate, (c) lightly eroded
plate (33.33% abhrhfssnomnal life); and (d) deeply erodegephoBsi28073
(130.48% of the nomnal life) with analytical curves superi nposed;
[0022]Fig. 9 is a graphical representation of normalized

cross-correl ation values vs. the consunpti%r t hroughout the PVD
process; and [0023]Fig. 10 illustrates the cross-spectral density
estimati on of the acquired wargkor DESCREFPAL QEDDPDESTURIIFRAONGE THE

| NVENTI ON [ 0024] The_invention | s based, | rt, ongt r - L]
noni t ori ng surfa(%’@léﬂosi ohRBf O Pt t‘g’éﬁ’w %t%agteisl Cie Elenﬁﬁk%n{b{;%?
process. It will;;he HeEORAI Z8aRynt hosen skid |fed lowinhedartilhat
“real -tinme" as enployed hereln neans the ac':%%e Qr si nu%ganeogs.
moni toring of tHessurPhtenePhsin RIS A POFEF5PobBEESPE 11
carried out. Theodguelonent el tie [Riordd Ty iRl Bedwangsappar ahich
takes data in-situ during the normal operation of the sputtering
equi prent, and Whkehnduesraocteneterfhs safa F9A3 Y& mal operati on.
[0025] As il lustr in FHg, 2 S i Al gelomas eenbbyit26nk s
provi ded. The as@g%%l]y in%—:‘?%de]é(%) b%%sﬁfgﬁg%aéte 22 and a sputter
target 24 havi ngpatserf asegehi afités Hputfa @racesgegdset -aCtRFR Fayer
of filmonto a substrate N, : i 8H0SEORern
occurs during trs? eP@B%E)?%EieEE? esrée)rﬁhzd}glaa?n%q?og%;%ﬁ{séght% the
surface of sputber thar gerf2de theoradr Figninitorlihetarprssison of
Sputter target 24, an acoustic device 26 is.e i e .ha i de
of backi ng pl at 8-3%" 1??!3 5‘885???%t%%3?/?%e0£| ?héa%%%g%g tS(@)l C)l;ﬁl?loﬁglggtK %
ul trasound waves (ahr,ough the sputter target and receive sanme in order
to nonitor the erosi(i)n state
[0015 Fig

. 2 depicts a schematic cross-sectional
representation of an in-situ monitoring.system;

[0016] Fig. 3 represent a schematic sputter target
assembly with the transducers inserted in the backing
plate;

[6017] Fig. 4 illustrates the real-time monitoring
system including the pulser/receiver, the oscilloscope
(or a digitizing circuit/device) and controller;

[oo18] Fig. 5 illustrates a target assembly having
the acoustic devices inserted into the backing plate at
an angle ranging from 5-45 degrees in relation to a
perpendicular to the plane of the target plate.

[00189] Fig. 6 depicts the erosion profile of a
sputter target;

(00201 Pig. 7 represent the acquired waveforms in
(a) backing plate only; (b) fresh plate, (<} lightly
eroded plate (33.33% of the nominal 1ife); and ()
deeply eroded plate (130.48% of the nominal life);
[ao21] Fig. 8 illustrates the reassigned spectrogram

of the waveform in (a) backing plate only; (b) fresh



WO 2007/ 013933PCT/ US2006/ 028073 -8 of sputter target 24 w t hout
interrupting the PVD process. This is a "pul se and echo" arrangenent,
where the ultsasoni.c.waves are pronul gated by acoustic d ahﬁﬁwaﬁﬂﬁﬁg
received by a Ssimlar device at another point (not shommf. I'S
device is in turn electrically connected to a pul ser-receiver, an
osci |l oscope (or a digitizing circuit) and to a conputer such as a
programabl e | ogic controller (not shown) which anal yzes and
interprets the dahgel ecej velthliatnd, daiied peatthé3depsh of ehosigmiratl

various locales_on the surface of sputter target 24 ge, -t
operat or has théiés)Friaydt 6hotReRy fﬁ?dﬁgnﬁﬁ%Fﬁg F??ZEQF ?%éggiutter

target 26. [002GL|n,a¢cofAance: wh thanetiken eabodsmeapeoimpbesdr esent
invention, and as illustrated in Fig. 3, two_acoustic devices 32 are
enbedded t hr ough0PRe] backBide dfidhat@RFPrate rSRTEFSEhAL Y Tar get
assenbly 30. Th j L CE65,,Gan | §296L8CYEI CBkesBNESISHCIh
as the 2. 25MHz ?Pgﬁggé%%gsgﬁéﬁﬁﬁgzturé%ﬁge KB Aerotech. The
transducers ar etdlirspgbedt ophe EVpauqsiessy édt he sputter target in a
"pitch and catch? ang t, r |t oRi e Yerctaral

gener ated by ongog?gihe ??g édh@gggﬁ%n F%geﬁgédegﬁs%ﬁeﬁother.
Preferably, thedenansduestsmat tonlishdded agauiedpepiaEpremof backi ng
plate 34 at an angle ranging fromabout 0 to 180 degrees and
preferably set at about 67.5 degrees apart. As depicted in Fig. 4, a
pul ser/receiver 40 is enpEDyEOED OTHIRIRITON OFafEiEe ANVENTLGNe to t he
acoustic devices/transducers 32. The pul ser/recei.yve n 0

i nstrument proviagaggy Pa %ﬂET?Y%%F%%dJﬁkghsegéngﬁa gg%éngﬁdg??vigifi
at least 100 voklife fAoSttessndiehffqropagaties blir aughbutargetargsenbly
30, and the WD 2007/013933PCT/ US2006/ 028073 - 9 .- ve;eggggggg&e
are received byusnéisedt he ERSURYY PREATes 35 WHiéh EoAVErPS Sane 1o
a transient vol Lggge"anetf oea idheny dtnghawavekalmti et r assgnplegedo
the pul ser/receiver 40, which in turn transmts the volta % to an -
osci | | oscope (oRexedpgMerRenghe| rekiYy A2 HLE2aG P HP?% gy tHe”
wavef or m of t.hetg&ee%%gabé Si9R8bn dheRsGiddaseqpe (ebcasdi giti zing
circuit) utilized can be a TDS3052 500kMHz i nstrunent made by
Tektroni x. The distipBubiton oFhacéristiernetucdl o Fegdendies TPEPednpnd
to a program | ogi |.ce 0, whi LS4 echb-azdet erm ne
the depth of er%?%ggggngFggggent g%ﬁﬁggﬁgdgﬁa?%gkgﬁrget in real-
time. [0027]In apburthen efibblé neputtenidhaeBHENeNtn BRG whichhgoes
backing plate 34 is.bore QQ% ng, f. 5 10 45 degrees in
relation to a pEP%eﬁ |%ﬁ€%?ét§9%%gg%$§%e oj'?ﬁﬁ&%§¥gﬁ? plate. The
acoustic devi cegoarsipl ackd ihbueirated aimuitiser 2of d cPatiteFindThaxrget
signal transm ssion is ephanced_as. the nqi.se | j ith

t he propagatingaﬁé9@§§VsQEeaﬁc%5°%§é%.buﬁhﬁigﬁg%ﬁkﬁsﬁﬁgﬁﬁgﬁgg %Lnber
of acoustic devibeesidd paatbezenphdyedsputtdie tproeese4 having a

surface which is sputtered to deposit a thin layer of

£ilm onto a substrate. As shown therein, a pattern of
erosion occurs during the PVD process, wherein a plasma
is applied to the surface of sputter target 24. In
order to monitor the ercsion of sputter target 24, an
acoustic device 26 is embedded in the backside of
backing plate 22. The acoustic device is employed to
propagate ultrasound waves through the sputter target

and receive same in order to momnitor the erosion state



[ 0028] The acoustic nonitoring technique conbined with the signal
processi ng techni ques can be utilized for nonitoring of non-uniformy

shaped er osi ns of the sputter targets during th 1028073
process. Coh‘ggaoggél]%%r{ the life expectancy predictions Ofcf?}]ﬂ’?uoo 07

sputtering targets can be made in an uninterrupted manner. [0029] The
process is carried out to acquire the trafisrent responses of the
sputter target excited by the enbedded piezoel ectric transducer.

Vari ous si gnal oygrlgg%yxo%c%%g@g@@zg@g@rmﬁ&ng pLiRe es® Ng

t echni ques are appli to the waveforns to deternine the erosion

state of the paptocadsar (Ririgetls Wé‘_@gﬁaﬁnﬁr%%%%siwwm'od"lh§§e

enpl oyed in thetﬁnalyts]%assc;ﬂcd &%l Iahet bggmﬁgggﬁ@@%aé@d,uﬁﬁc hasdde
g

di spersi on cur ves® deve oprment of nultinbde guide wave (also referred
t0 as reassi gneges spettragriamgd i i3 sdmédsrcéevyetatdiorhlakher i PRI

extraction (also referred to.as t t.i_e- donpi YSdhS)ricand, (iii)
cross-spectral g%?\%i%f‘ggt‘i e l(?n%éfllscgerlgf g}r}rg%ﬂ?géas the 0y

f requency- domai Boshamadd pfPOCessilngr - rEvies varoust i esabhl 09edPPgy §35t%em
is incorporated_into the PVD process for real-1] iforing of the
end-of -1ife det@t¥ot?dtd & thcér ﬁﬁﬁi% rﬁegorgégen%r%&%t%%u% t he
interruption of piherMRIEHE | g1 DR Hak Lpul g0t r sbevmer wAdCener at es

and detects guided plate waves in the nded. sputter.i get.
Wavef orms are aBBulY4RF AR prf&SIeet g?‘ei §8ﬁ?i F??%bv%go%ﬁ%n | evel s.

The di spersion guryes: s the pgdinepleabeiandat heasput s elotatgeton

assenbly are devel oped by utilizing the tine-frequency apalysis,
SRt 1 PP T

Conpari sons of the eweassih FMNEE FIERE BGnded®Ep PPngPT AT oot

in different erpgion,leyel s @f & o itand chierenasaiagr Lekat bonche
technique in the tine domainis applied to identify the severity

| evel of the eresitbhepataxasis.2&pectral -density esti mat i on of
cross-relation i§osg cul af2d, A% Melice (AR EHBEnagOUshbAIfRALT OF | Tige

and signal pr océsm ng techniques utilized for real-tinme nonitorj ng of
the sputter targetsamd tonenolonyeand ks PIDUstEaEss Wl Fife fur tHdr

described in detal] wLhLefere 12 e dllompgugkampke navhkclie

is, however, nofY8°bE”consttue ﬁoel mting the invention.
of backing plate 34 of sputter target assembly 30. The
acougtic devices can be piezoelectric elements such as
the 2.25MHz transducers manufactured by KB Aerotech.
The transducers are disposed on the periphery of the
sputter target in a “pitch and catch? arrangement,
where the ultrasonic waves are generated by one of the
transducers and received by the other. Preferably, the
transducers are disposed on the perimeter of backing
plate 34 at an angle ranging from about 0 to 180
degrees and preferably set at about 67.5 degrees apart.
As depicted in Fig. 4, a pulser/receiver 40 is employed
to deliver a transient voltage to the acoustic
devices/transducers 32. The pulser/receiver can be a
5077PR instrument provided by Panametrics and which
generates and delivers at least 100 volts. A stress

field propagates through target assembly 30, and the
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pul se to trigger the digital oscilloscope 42. The propagating
acoustic field excited by the transm’tti‘na acoustic device 32
interacted with the surface variation of the bonded sputtering target
resul ting in thgagesdechpmyasedidde eecediveddbgpensi oh Properaussic The

gui ded waves propagating al ong the bonded _spuiterin [ r
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e
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time.

[0027] In a further embodiment, and as shown in PFig.
5, the backing plate 24 is bored at an angle ranging
from 5 to 45 degrees in relation to a perpendicular to
the plane of the target plate. The acougtic devices
are placed therein in a number of locations. The
signal transmission is enhanced as the noise level
associated with the propagating waves is reduced by
about 3-50%. Naturally, a number of acoustic devices
32 can be employed in the process.

[0028] The acoustic moniteoring technigue combined
with the signal processing techniques can be utilized
for monitoring of non-uniformly shaped erosion patterns
of the sputter targets during the PVD process.
Consequently, the life expectancy predictions of the
sputtering targets can be made in an uninterrupted
manner.

[0029] The process is carried out to acquire the
transient responses of the sputter target excited by

the embedded piezoelectric transducer. various signal
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acoustic nonitoring in-situ was 2/7kWhrs. Thus, the actual |ife of
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The Sput L ori ng. BPBCEEE pRaRRE AL AT | (oL AR Rees o L anchsor

the sputtering e Cri thickness variance of
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recorded. Totally twenty-nine sets of waveforns, corre ndi-ng
sputtering targ8PPHEOR rPBﬁEeﬁrﬁii%ﬁF?%ﬁﬁﬁ%F%ﬂﬂ%?tgcgﬁgrggﬂ pkBobBE
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for WO 2007/013933PCT/ US2006/ 028073 - 13 - the.g nd%d gguttering
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were tabul ated are shown in the_Table bel ow. Tabl e Ergsion tate is
[0030] The pulser/receiver 40 generates an
guided plate waves in the bonded sputtering target.
Waveforms are acquired and processed for identifying
erosion levels. The dispersion curves of the backing
plate and the sputter target assembly are developed by
utilizing the time-frequency analysis. Comparisons of
the dispersion curves of the bonded sputtgring target
in different erosion levels are made, and the cross-
correlation technique in the time domain is applied to
identify the severity level of the erosion patterns.
Spectral-density estimation of cross-relation ig
calculated as well.
[0031] The acoustic monitoring and signal processing
techniques utilized for real-time monitoring of the
sputter target and control over the PVD process will be
further described in detail with reference to the
following example, which is, however, not to be

construed as limiting the invention.
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[0032} The instruments were set up as shown in Fig.

4, The pulser/receiver 34 generated and delivered 100
volts square pulse to the transmitting acoustic device
32, at a central frequency of 500kHz, and provided a
synchronizing pulse to trigger the digital oscilloscope
42. The propagating acoustic field excited by the
transmitting acoustic device 32 interacted with the
surface variation of the bonded sputtering target
resulting in the guided waves with certain dispersion
properties. The guided waves propagating along the
ponded sputtering target were acguired by the receiving
acoustic device 32. The acquired signal was saved as a
digital waveform by the oscilloscope and transmitted to
computer 44 for signal processing.

foo3sl] With reference to Fig. 2, the bonded
sputtering target assembly included a backing plate 22
manufactured from a copper material, a sputter target
24 of tungsten/titanium and a thin bonding layer {(e.g.,
solder) therebetween. The thickness of the backing
plate was 6.80mm, with a sputter target plate of
5.60mm, and the solder bond in between having a
thickness of 0.51lmm.

[0034] During the deposition process, the sputtering
target tends to erode the fastest in the areas where
the plasma interacts with the target as a result of the
magnetic field applied on the underside of the backing
plate, creating grooves on the surface of the
sputtering target. Three different erosion grooves,
named here asg inner, outer and central erosion zones,
were identified. The erosion profile is shown in Fig.

6. The distances from inner erosion and outer arosion
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zones to the center of the sputtering target was
63.50mm and 114.30mm, respectively. The central
erogion zone was the shallowest erosion area compared
to the inner and outer erosion zones throughout the
sputtering process. The sputter target eroded most
rapidly at the outer erosion zone due to the strongest
magnetron effects. When the depth of the outer erosion
approaches the sputter target thickness save a certain
margin for safety purposes, the sputter target is
replaced with a fresh one. Thus, the increment in the
depth of the outer erosion groove is of importance in
predicting the end of life of the sputtering target.
[0035] The nominal life of a sputtering target
defined by manufacturing is not the actual life of the
target but the conventional empirical value for
reliable sputtering. The nominal life of the tested
tungsten/titanium target fox reliable sputtering was
214kW-hrs. The actual life of the target observed in
acoustic monitoring in-situ was 277kW-hrs. Thus, the
actual life of the target was 63kW—hré longer than that
of the nominal 1ife, that is, there is extra 33%
thickness of the‘target material could be utilized.
[0036] During real-time monitoring, the guided
acoustic waves launched by the transmitting acoustic
device in the bonded sputtering target were acquired at
the receiving acoustic device, as the sputtering
process proceeded. The critical thickness variance of
the three erosion grooves under the different erosion
ievels was recorded. Totally twenty-nine sets of
waveforms corresponding to the sputtering target with
various erosion levels were acquired throughout the in-

situ testing. The three typical cases of waveforms for
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the bonded sputtering target specified as fresh plate,
light eroded plate (33.33% of the nominal life) and
'deep eroded plate (130.48% of the nominal life) were

tabulated are shown in the Tabkle below.

Table
Erosion Actual life Thickness Measurement
State Ahi" Ahout Akce.u!cr
WOl 0.00Kw- 0.000mm 0.000mm 0.000mm
hours
(0%)
Wo2 70.00KW- 0.830mm 1.473mm 0.000mm
hours {13.07%) (23.20%‘) (0%)
(33.33%)
W03 138.00KW~ 1.778mm 3.302mm 2.057mm
hours {28.00%) (52.00%) (39.48%
(65.71%) )
Wo4 195.63kW- 2 .489mm 4.622mm 2.885mm
hours (39.20%) {72.79%) {45.59%
{83.16%) )
Wo5 213.59 kW- N/A N/A N/A
hours
{101.71%)
Woe 255, 87kKW~- 3.149mm &.096mm | 3.657mm
hours (49.59%) (96.00%) {(57.55%
{121.84%) )
wo7 274.01 KW- N/n N/A N/n
hours
{130.48%)
[0037] The transient waveforms acguired in (a)

backing plate only (b) fresh or target plate (¢} light
eroded plate (33.33% of the nominal life) and (d) deep
eroded plate (130.48% of the nominal life) with the
same propagation distance, d=109mm, are depicted in
Fig. 7. These waveforms are sampled at 250MHz and
averaged 512 times to obtain high gsignal-to-noise ratio
(SNR) . It is ocbserved that the four transient
wavefFormg have similar arrival times, which was

approximately 24ps from the transmitting port to the
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receiving port. However, the amplitude levels in the
case of backing plate are much higher than those in
fresh and eroded bonded sputtering targets within the
same wave portion. While not wanting to be bound by
any particular theory, it is believed that this
phenomenon is due to the leakage of strain energy into
the bonded layers in this target assembly as compared
to the propagation in the backing plate only. Further
signal processing was required to extract the features
identifying the state of erosion levels out of the
transient waveforms. _
[0038] The three signal processing methods include
the aforementioned (i) time-fregquency analysis based
dispersion curves development of multimode guide wave;
(ii) cross-correlation based index extraction; and
(iii) cross-spectral density estimation.

Method 1. The Time-Frequency Analysis

[003¢9] Many modes of elastic waves propagate in a
waveguide, and each wave mode has a unique velocity-
frequency relationship known as dispersion relation.
Flastic moduli, material density and geometric
dimensions of a waveguide govern the dispersion
relations of the guided waves. A multilayered system
made up of platelike waveguides also has the dispersion
feature, and the corresponding dispersion curves depend
on the material properties and thickness of each laver.
When the presence of flaws (e.g., erosions or cracks)
appears on the surface or inside of the waveguide
structure, the dispersion curves displays the
corresponding changes as the form of modes shifting or

conversion. 8ignal processing methods (e.g. time-
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fregquency analysis, etc.) were utilized to determine
the dispersion relations of a structure.

[0040] Ultrasonic waves are non-gtationary signals
of frequency and amplitude varying with time. These
signals can be represented by a three-dimensicnal
surface of energy distribution as a function of time
and frequency in time-frequency domain. The projection
of the surface into time-freguency domain is called
time-frequency representations (TFRs) of a signal. A
specific TFR, reassigned spectrogram, was employed on
the acquired waveforms. The reassigned spectrogram
technique based on the Modified Moving Window Method
(MMWM) was viewed as a refinement of Short-Time Fourier

Transform (STFT) which is defined as:
S0
Su(t, )= J- o (z-t)e

(1)
[0041] where h(t) is a window function. STFT
spectrogram {(i.e., energy distribution of a signal) is
the squared modulus of the windowed Fourier trangform
and plotted in time-frequency domain. However, the
STFT cannot localize very precisely the energy
distribution of a signal in time-frequency domain. The
trade-off relationship between the time and frequency
resolutions was improved by utilizing the reassignment
technique. In reassignment theory, the spectrogram or
energy distribution is moved away from its original
coordinates (f,f) to the reassigned locations of new
coordinates where energy spreading has been reduced
greatly. As a result, improved vigualization was

obtained with sharp temporal and spectral resolutions
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provided. The reassigned new coordinates ¢ and f for
a spectrogram were defined as:

STI; (x: t:f) 'Sll (x:t: f))

Tt d
|S,‘ 5ts f)

(2)

-5 S,m(x, if, f} . S;,(JC, l', f)
!Sh (xs t, f)l2

F=f

(3)

where Si(x1,f) is the STFT definition of signal x using
window function h(t); Swm(tf) and Sm(xtf) are the

dh(t .
STHFTs with ¢A(f) and —%&las their window functilons;

regpectively. The reassignment spectrogram was
implemented in a commercially available MATLAB prograim.
[o042] The reassigned spectrogram technique was
employed on the acquired transient waveforms of the
backing plate and the bonded sputtering target under
various erosion levels to determine the corresponding
dispersion relations. The reagsigned spectrogram of
the backing plate superimposed with the analytical
dispersion curves of a 6.80mm-thick copper plate is
depicted in Fig. 8(a). The analytical dispersion
curves are plotted as solid (symmetric mode) and dashed
(anti-symmetric mode) lines. A software package (AGU-
vVallen Dispersion Curves) was utilized to calculate the
analytical dispersion curves of the 6.80mm-thick copper
plate. It was observed that the reassignment
spectrogram provided concurrence and an easgy visual
mode interpolation between the analytical and

experimental dispersion curves of the backing plate



NANA (130.48% [ 0037] The transient waveforns acquired in (a)
backing plate only (b) fresh or target plate (c) light eroded plate

(33.33% of Hheonaikaal |ife) and (d) deep eroded pl ate (dSQudihoador:
the nomnal life) with the same propagati on distance, d=109mm are073

depicted in Fig. 7. These waveforns are s | ed at 250MHz and
averaged 512 times to obtain high si gnal %o-noi se ratio (SNR). It is
observed that the four transient waveforns have simlar arrival
N L s AR SO
anpl i tude | evel Enf pSfpgrinenta procédure %go¥iagsp9r§ooﬁbM§%@H1aﬁIﬁﬁe
first arrival sections (25ps - 40us time interval) of
the symmetric modes 83, Ss in high freqguency range of
1MHz-1.4MHz and the symmetric modes S;, Sy in middle
frequency range of 0.4MHz-0.8MHZ.
[0043] Within the same time range, symmetric mode So
in the low fregquency range of OMHz-0.2MHz has less
curve matching compared to the other symmetric modes
due to low energy density at this mode. Beyond 45p8,
it is difficult to identify the individual modes since
the symmetric modes and anti-symmetric modes are
closely spaced and overlap. Additionalily, the
reflections from the boundaries of the backing plate
begin interacting and mixing with the reflection-free
wave fronts.
[0044] Fig. 8(b) displays the reassigned spectrogram
in the case of the fresh plate superimposed with the
analytical dispersion curves of a 6.80mm-thick copper
plate. Since the boundary conditions and waveguide
material changed, the current dispersion curves only
slightly resemble the analytically developed dispersion
curves of the copper plate. Prior to 40us, the first
arrival wave packets no longer match the curved
sections of the analytical dispersion curves. For
example, modes both in the high frequency range of
1.6MEz-1.8MHz and in the low frequency range of 0.2MHZ-
0.4MHz are missing. In addition, modes at 0.6MHzZ and
in the fregquency range of 0.8MHz-1.2MHz are translated
forward. It is believed that the transmission velocity
in tungsten/titanium is much faster than that in

copper, and these modes, which are more sensitive to
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TranSforn](STET%&M&Q%@HV%i@ﬁﬁﬁﬂﬁdm§§ériéﬂ‘is consumed. As a result,
some sensitive modes in dispersion curves move backward
continuously until they disappear as erosion spreads
wide and deep. By visualization, a consistent change
of mode shifting interpreted by reassigned spectrogram
in time-frequency domain is obtained and thereafter the
state of erosion levels and the actual life of the
sputtering target can be effectively monitored (see
Figs 8(b})-(d)).

Method 2. Cross-correlation Based Index Extraction

[0046] The progress of erosion patterns on the
sputtering target continuously affects dispersion
properties of the guided waves, which conseguently
results in the variance of wave shapes. The degree of

wave shapes variance increases as more
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erosion levels since this technigue can be used as a
similarity measure between two correlated signals.
Cross-correlation technigue employed on the

experimental waveforms is defined as:

Ry(m)= i x(n)y(n+m) (4)

yi=mn
[00471 where x(n) represents the transient waveform
acquired for the fresh plate (reference waveform} and
yv(n) represents the transient waveforms for the bonded
sputtering target with erosion levels. R,(m) is the
cross-correlation sequence between x(n) and y(n) at the
moment of m with x{(n) fixed and y(n) shifted left with
m steps. The normalized value of Ry(m)at zeroth time
shifting indicates the degree of similarity between
%(n) and y(n). It is expected to see the degree of
similarity decrease as the erosion depth approaches the
thickness of the sputtering target. In other words,
the waveforms in deep eroded conditions are less
similar to the reference waveform than the ones in
light eroded conditions.

[o0048] The overall twenty-nine sets of acquired
waveforms were organized into five groups as the
ascending order of actual life for the cross-
correlation analysis. The results of applying this
method to the five groups of waveforms is summarized in

Fig. 9. Without erosion, the normalized Cross-
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0. 4Mz-0.8Me. [0043] Wihin the same (e Jange. oSYgTeLELgoRde: S
120%-130% of the nominal life), the averaged values
drop roughly to 7% of that in no erosion case.

[0043] Tt is demonstrated that the averaged
normalized %alue of cross-correlation at zeroth time
ghifting exhibited a clear monotonous decreasing trend
as more life of the sputtering target consumed. Thus,
a quantitative index is obtained for identifying the
erosion levels and actual life of the sputtering target
through the analysis of crogss-correlation technique on
the experimental waveforms. It was noted that the
values of normalized cross-correlation may disorder the
decreasing trend within groups {(see groups 1 and 3 in
Fig. 9), but they do change the major monotonous trend
throughout the sputtering process.

Method 3. Cross-Spectral Dengity Estimation

[0050] Spectral density estimation is commonly used
in the calculation of the power spectra density of
signals. The basic algorxithm of cross-spectral density

(CSD) estimation implemented with MATLAB program is:



in the | ow frequency range of OVHz-0.2MHz has | ess curve matching
conpared to the other symmetric nodes due to | ow energy density at

this node. RBey@anth434Lls, it is difficult to identify thepdingiyisRbsals
nodes since the symretric nodes and anti-symetric nodes are cl osely

spaced and overlap. Additionally, the reflections fromthe boundaries
of the backing plate begin interacting amd rixing with the
reflection-free wave fronts. [0044]Fig. 8(b) displays the reassigned
spectrogram in thepcasensily ke Winesh ghateisupspecpissatl y teh wirsiow
anal ytical dispersion curves of a 6.80mm.thick ctﬁp(getr pSI attei.m,lSanca a
the boundary coWEFEPBNEC ARFMEASTE TS VRatEFFERChatted, " T he Curt én

di spersi on curves only slightly resenble the analytically devel oped

di spersion curves of the copper plate. Prior to 40As, the fi rst.th
arrival wave pagkeps2ndlalendgdil el fore ofir 6BEsERLT o iurot HE

anal ytical dispeysi VeS ., Eyigxanpl e, nodes both in the high
frequency range€%$ %ﬁ%_%é}\ﬁ?@nd in the | ow frequency range of,
0. 2MHzO0. 4MHz ar steps3i ngorih rtled distiiodoomsge sfacach 6aEEE By Hh Tt 109

frequency range of 0 8Miz- 1. 2Nz, Q18 (J-a0skat 6dsE0E NN tand ties

f
bel i eved that tHRe“tTARSH $s1on vel 0Ci ty 1n tuhgsten/titaniumis nuch
faster than thatohjugappert tdred trkesdonpedsx ®REERCAre nore sensitive

Lo V0 2007/ 0139330CT1 U008 02807 v Uikl GROBRES: 0k cami ord o

properties duri Ny et Waves propagation, would rather travel

t hrough the tungstepippimnisemdiayer tdohdorrth@xcopper crayer speRerator e,
t hese sensitive nodes nove forward or .arrjve early at particul ar
frequency rangeg‘.anf’fjﬁﬁﬁ’ i’@.a% S(?gﬁl(?tnss 't he reassi gned spectrogram
of the |ight erqgdedgipl at erié tdr@3%aramaialt ibinf eechbnsanedpréviges a

observed that the front edges, of these sensi.tive_npdes, ar ifted
backwar d conpar g‘élofloq’t‘‘T"l‘b“sJe;“g]‘"i’rﬁjt“F‘I'3 eé’rt&é;ﬁﬁ.%lﬁgr “Bxanp %Sr%?$2‘%ﬂ%o

40gs, the forwargdedisRdesvérs t4het faaqianay feangeché SpBitiring. ddkget
are transl ated backward by a few m croseconds. \Wen ergsi on deeggc_gf

to 130% of the ABnFaBE FeRRinpddiersRibrd fYrnwsPdedsRotes i Puppeaied
as shown in Figgeftdly SkPffatith Riefld edRiopagatiasipat bnfor these

frequency domain is expected to show the similar
decreasing order as exosion levels increase. Similaxr
to the cross-correlation, section x represents the
transient waveform acquired for the fresh plate
(reference waveform); and section y represents the
transient waveforms for the bonded sputtering target
with various erosion levels. The cross-spectral
density (CSD) estimation was implemented on the five
groups of acquired waveforms. The CSD results are
shown in Fig. 10. Rectangular areas of A, B and C are
corresponding to the excited frequency band by means of
the transducers on the bonded sputtering target.

Within area A (0.4MHz-0.6MHz), it is observed that the
CSD estimation of the five groups has no clear order at
all; in area B (0.8MHz-0.9%MHz}, the CSD egtimation

depicts a good order except the small mix-up occurred



sensitive nodes in tungsten/titanium|ayer becones thinner and
narrower, as well as additional tungsten/titaniummaterial is

consuned. A@oazoﬁﬁ(ﬁ%:{v sone sensitive nodes in dispersi Of-GHENE éiﬁ%/e

backward continuously until they di sappear as erosion spreads w
and deep. By visualization, a consistent change of node shifting
interpreted by reassigned spectrogram in 43 me-frequency domain is
obtai ned and thereafter the state of erosion |evels and the actual

life of the sputiefidg dA5gsts GaIR beoabf 86t Lxehyedmi {0radi{-SedMHzgs
8(b)-(d)). Method 2. Cr%ss%orrel alt%iQon Based I ndex Extractio

[0046] The progrBss efperioed cleqaaEdnfs O8ASEheS sPERrdhd T %&rget
cont  nuousl'y af { £t 5 SASFSa Y OBE! Libgss0t s bhepead vawas: wahicch

consequently resu Iance of wave shapes. The degree of,
wave shapes varthaacesh nestebsasicas axbitypa clear order corresponalig

2007/ 013933PCT/ US2006/ 028073 -, 19 .-, t:un Nkt i I AHtHex
consuned. The sFWi ?%‘?i?@o%]forf hlee‘%&(:?uﬁlrdegiﬁvg%ﬁﬁﬁghi@n}%ﬁ%sedt as a

signature to i denthfynthewetosjemdyevehge ; Ciosetber rededs o ¥Hehni que

was chosen to acconplish the e ct.i of t.he_sim Lfye. r
i dentifying thetEt %’gc%fa]é?%sr%ﬁ%_é\ig&gzgi %gemﬁh?sé%%ﬁgnjf%ﬁ?déatﬁ%be

used as a sim | aritynBBaswiei deioeert the cputekated séymets. One

Cross-correl ation techni que, enpl oyed. on_t he experi is
defined as: ny?ﬁfﬁk?%?y?’ipr}ﬁ?r%l%b%ﬁﬂ%‘é‘lsepégﬁ?h%%%215%\;1\?1)5(%; ﬁie}{@
transi ent wavef ghm asqUEF&8h d@rgidierd,r estichl atembref bilence waleatoy m

and y(n) represents the transient waveforns for t bonded i ng
target with erodfBh PBVBPECHY 4¥§Hde £ H@t&r&é’g- ¥ rﬁe g f%ncé u%;.ﬁ%ieé‘

bet ween x(n) ang.y£Mlngtn! henIEHEN foiffelicth X6nhighxEdeanengy mode.
shifted left with msteps. The normalized val ue oi 4§2n}1at zeroth tine
shifting indi calesaffiétHegr 25 GIrIFHAT AFHPaEECwe A7 ( HY " BAG y); n). It

is expected to gee ihg,dRILEe Qf Bidiuedidyt nodieer @ase aakéhplaceston
dept h approaches { e t%l ckness of the sputtering target. In other

words, the wavefiotararh Deegoniweridl i oHER 9569 SFESIHRES -sifif1dr to
the reference wayef,orm{han EPE Q0GS, dddORinEnadedaendohinast

interactions with the erosions in the process of metal
sputtering, and record the complete process of erosion.
[a052] The results demonstrate that the acoustic
monitoring technigque combined with signal processing
methodologies can be utilized for monitoring of non-
uniformly shaped erosion patterns on the gputtering
targets during the PVD process. Consequently, the
automatic life expectancy predictions of the sputtering
targets can be made in the manner of uninterrupted
state, which minimizes manufacturing downtime and
energy waste compared to the traditional manual
monitoring approach.

[00531 The three gignal processing methods employed
on the acquired waveforms to extract the features
identifying the state of erosion levels and actual life

of the sputtering target. The time-freguency analysis



[ 0048] The overall twenty-nine sets of acquired waveforns were
organi zed into five groups as the ascending order of actual life for

t he cross- Wfoﬁ")/(ﬁgs?n anal ysis. The results of applyi ngpdpiSosRbNOS
to the five groups of waveforns is summarized in Fig. 9. Wthout

erosion, the normalized cross- - 20 - correlation at zeroth tine
shifting is the result of auto-correlati&? of the reference waveform
itself, which is one. After erosion patterns appear, the normalized

val ue of cross-gpriglalipdtagRieiirknmemMebhoédi DY tecsaasas ajosely
further erosion proceeds. It was determ ned that |ight erosion gr gups
RB R 48

have hi gher norstdeddnekodsdeo Gudrsati BRVEE test T PIREES

er osi on grf’“ps-aﬂ%évﬁﬁgﬁﬂe N1 286 1 6Hh0SS- €RET @l abdasioal ues of
group 2 (light erosions with 30% 45% of the nominal life) are around
75% of the no- erekitbipmwags, bk heasiedn sgRBEPTENY de@BIet 0¥ Bhy aROHs
120% 130% of the nom nal_ life), LA9Ed: val-HESqdE98n I oughily to
7% of that in no @rost one%ealssg'. %%@%Ft ig denonst rat%d, that the
aver aged nor nal i Yeastmedisi dfhatr ass comeefaeoangay 2erbyHis e be

hifti hi bi t cl t d ' j
of e Sput teri L TR Gt e RUIBES TRud Lo QekntrAFT VS [ hdor o

obt ai ned for ideptafyiageiheaindior medebswahdinctaatainfeanges-he

sputtering target thrqugh the analysis_of,cr@ss-co ' chni que
on the experi nehtafe %‘?%n‘fqﬁ‘@s lﬁloI:]‘élﬁ ?ﬁa?gtﬁég%g %g‘ga%f

normal i zed crosgo£9{d:@t abf Gihdmy dlirsdrder mbdedediepdavgat cemriiatiari n

groups (see groups 1 and 3 in Fig. 9), but they do change j
nonot onous t r endE R okiy hoift %W‘%pelhr%gef’?ﬁﬁrpf’gc §gS1eH gevg%gtggﬂ 3.
Cross- Spectral DepsdlyoEsdiimidon dRE6hsparteabddenspryvides nat i on
is coomonly used in the cal cul ation of the Eower sgectra(%gnajléy of
signal s. The bagventdgRritainiet s sespett FAF GERSPEYOP D)

estimation inpkg?@@i&ﬁé%ééékéﬂﬁlQﬁBE&&Qﬁb@ﬁh@sthevﬁbrmalized cross-
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correlation value at zeroth time shifting between the
fresh and the eroded sputtering target. In addition,
cross-spectral density estimation (Method 3) displays a
clear order indicating the decreasing cross-spectral
density along the exaggeration of the eroglion patterns
within the frequency range of 1MHz-1.4MHz. The regults
of time-frequency analysis and CSD estimation all
indicate a clear trend of the evolutions of the erosion
patterns and the actual life of the gputtering target
in the fregquency range of 1MHz-1.4MHz, which is higher
than the excitation frequency of the embedded
transducers (500kHz); thereafter, a pair of broadband
transducers with the central freguency located within
the fregquency range of 1MHz-1.4MHz can be possibly
tested on the bonded sputtering target in order to
obtain the results of a clear trend.

[0054] While the invention hag been described in

detail with reference to specific embodiments thereof,



Step 1. Apply a wi ndow function specified by a wi ndow vector to each
successi ve detrended data section x and Y. Step 2. Take FFT transform
on each datﬂmﬁﬁ&ﬁhﬁﬁs“jth the nunber of n point. Step 3.p,&P[88bdiBs073
peri odogram of each Section by scaling the product of the transtorned
y section and the conjugate of the transformed x section. Step 4.
Aver age the periodograns of the successi & overl appi ng sections to
form Pxy, the cross-spectral density of x and y sections. [0051] The
cross-correl ation fechnigue Proydestargogdedypriliéatineche art that
identification Tn nonitoring theé erosion |evels and actual I|ife. of
the sputtering tarigsts ichangrs dowainedifhEPEAPREr CPRLR IFFE_p AT ng
spectral density estijmtion C 5Gor } i i+ SR N bpe
domain is expec%%EﬁY%)%ﬁéﬁz?éé}%#%%’lggﬁggg?egg#%gtgﬁ%e?rgs erosioﬁ

| evel s i ncreaseof St | ppdmdddieclerioms- correl ati on, section X
represents the transient waveform acquired for the fresh plate
(reference waveform; and section y represents the transient
waveforms for the bonded sputtering target with various erosion

| evel s. The cross-spectral density (CSD) estinmation was inplenented
on the five groups of acquired waveforns. The CSD results are shown
in Fig. 10. Rectangular areas of A, B and C are corresponding to the
excited frequency band by neans of the transducers on the bonded
sputtering target. Wthin area A (0.4MHz-0.6MHz), it is observed that
the CSD estimation of the five groups has no clear order at all; in
area B (0.8MHz-0.9MHz), the CSD estimation depicts a good order
except the small m x-up occurred WD 2007/013933PCT/ US2006/ 028073 -
22 - between group 2 and group 3; in area C (1.2MHz-1.4VHz). The
expected decreasing order is shown as nore target consumed throughout
the deposition process. Note that the CSD estimation exhibits a clear
order corresponding to the erosion levels in high frequency range
rather than in |ow frequency range; in other words, high frequency
area (1MHz-1.4MHz) is nore sensitive to the thickness variation of
the sputtering target. One possible explanation for this phenonenon
is that the shall ow erosion groove, which is nore like a trivial dent
or notch, tends to interact with short conpati bl e wavel ength, which
is equivalent to high frequency node. In addition, as erosion

i ncreases, |long conpatible wavel ength or |ow frequency nodes wl |
take place to interact predom nantly with deep erosions. As a result,
hi gh frequency nodes di m nish the dom nant interactions with the
erosions in the process of nmetal sputtering, and record the conplete
process of erosion.



[ 0052] The results denonstrate that the acoustic nonitoring techni que
conbined with signal processing nethodol ogies can be utilized for

noni toring of nonuni foLmy shaped erosion patterns on the sputtering
targets during the PVD process. Consequently, the automatic life
expectancy predictions of the sputtert targets can be nade in the
manner of uninterrupted state, which m nimzes manufacturing downtine
and energy waste conpared to the traditional manual nonitoring

appr oach. WhQs3¢ldinedtihr ee si gnal processi ng net hods enpl oyed on the
acquired waveforns to extract the features identifying the state of
er osi on | gvalsetandifoaedaliéimel mdratocihg siréacs pigh eesiongf b apget targdiend

time- freqweﬂwugﬂkmﬂyﬁcal vas depddftion@assssy batprishec progiiag ¢dettiog 1)
i nterpret 9a,6:QS&INb] P PRRAMgMHLKINP Rt Oanddeguira\agetinavinge shefadd aagr which
pl ate, ands aluiena td &p OEIthPﬂﬁ?ﬁﬁ %hﬂ&a&tsiugﬂra  trafniflingRad ldgiaga’tﬁfﬂgaﬂltta@ﬁhﬁc
of the bondeds SRHLER 1ﬁlﬂie§ Qﬁﬁ%hbs\f‘dnttlall)YﬁE LR sEITRSIPBai SN @LeS tard\y;
erosion p Ecte?\fl s @lﬂ‘gébmd WaveS ahd 1‘6@&51@ %‘g:é@ﬁ‘:eﬁ&?e&ﬂonﬁoﬁx{&gﬁtﬁncy
anal ysi s Cd%{%r ﬁle% a ;éggesggg olto ¥é &lt@'l <¥n lti u &)n% fnd fanges
of differ c%n om m an S e d%m% apprro The i @s'lgleast

i nvol ved

des
di splay a défé?{gjéé?%l ?nrt?n sr%f/ siputt?l]neg ta ﬁ l%lm% g 0%% %hé %lﬁ@llcgn
The cr oss-VeBYTEPAY I PP PEEHA (L{ “ ?r R eog rglacqﬂgnatl tative
i ndex to &% @F“FﬁgaEVBTt q&ﬁ’ﬁﬂés% 85 bprogress by extracting
the normalized cross- correlatlon val ue at zeroth tlne shiftin
bet ween t He The BxHod kef meftosing gedodly it dam; hdv(?@%alrg%tw SqUTECEAE 1 ngzed to
cr 0ss- spedEngptc@an siceiye dxrylgonsrivyet hod 3) displays a clear order
i ndicating the decreasing cross-spectral density along the
exagger at i3offhofmethod farneiipningatttiering caimhi, nvheren § sisglaémesduedrge of
1MHz - 1. 4Mdmpldlled in ésalirtoge of trarismet-and eepgbrdlye sigral.ysi s and CSD
estimation all indicate a clear trend of the evolutions of the
erosi on pat rag igthad dort Meniatingabt fbith & ddimt hevhepit taéd iragduarget in the
frequencyEﬁ@ﬁg@mgte&hkmtl AMHz, which is higher than the excitation
frequency of the enbedded transducers (500kHz); thereafter, a pair of

br oadband st raRsAMEE TS Mbidilbrinb8cta8Ak B laih ﬁ%ﬁ&@ﬂaﬂl@&ﬁﬁﬂﬁtr&ﬂsﬂuﬁﬂe& drhe
frequency Lamagq0kndMls daftll rﬁ@rﬂ;lrh aﬁ@ﬁ@p@éa){esttﬁéﬁlﬂgs&rb wheshanged

sputterin 9 ﬂ%&ﬂ¥QI results of a clear trend.
[0054]Vh|%g&?%gﬁ%wegnf%on Y lgeenc escrlbed in detail with reference
to specifi nt s , ent to
one Skl||éﬁ i'ngh&”mgggjgﬁgugqam]%éwgkdlﬁggﬁ &@3?#5%% can be

made, andl%ﬁﬁ lgﬁ Ewﬂﬁployed wi t hout departlng fromthe scope of

the appended clains. . -25 - What, is clained is:
7. An apparatus for real-time monitoring surface area erosion of a sputter target in a

physical vapor deposition process, comprising: a sputtering target assembly including a
backing plate and a sputter target having a surface area which is sputtered to deposit a
thin film onto a substrate; at least one transducer disposed through the back of the
backing plate to transmit, propagate and receive ultrasonic waves over substantially the
entire surface of said sputter target; a pulser/receiver to provide and receive a voltage
from the at least one transducer; an oscillator to record the ultrasonic wave signal
transmitted and received; and a program logic device to monitor and determine by a
signal processing methodology selected from the group consisting of time-domain
analysis and frequency domain the depth of erosion at different locations on the surface
of the sputtering target in real-time during a physical vapor deposition process.

8. The apparatus for monitoring set forth in claim 7, wherein the at least one transducer is
a dual mode piezoelectric element.



. A nmethod for real-time nonitoring surface area erosion of a
sputter target and controlling the physical vapor deposition process,
conprising: providing a sputtering target assenbly including a
backing plate and a sputter target having a surface area which is
sputtered to deposit a thin filn1onto‘%93ubstrate; transmtting and
propagating ultrasonic waves in nmultiple nodes over substantially the
entire surface of said sputter target; receiving said ultrasonic
waves and $rlbeemziates fohmositepiid set Bebiiveldim &, fysh¢rtcompaipia g daodrpphiec sy
a signal pligoesisitdifenat hodtdogn thepaiphey of therhackieg gleuphwensifyst ng of
t i me- domai tranachabiysichesaemdiifraseqisenoy sigoataind asegpndltrapsdocagsiangs thesighept h
of erosion at different |ocations on said sputtering target in

real - time;0ambe gpatat@lfbi Menitdrengpbyeite &l clyviap@rwlibegin sieticnnelpeioic ekmebiy
repl aci ng &dhegissRed higfut 615 Wagiged apdR R tiegRreiPhdy odtieadghepniened anmount
of erosion of said sputter target. 2. The nethod for nonitoring set
forth in cliairR dppaRI8 RoRitdHeSer RRSEENBT 9,1 vherdih bhchedt shig ragner at e
and recei vg, LR Nlid JigRAN & MAKER withh saTch@acm%We fofhhamRisiQni ng set
forth in Cca%r?ﬁs?ion AL Bisl g e transducer is enployed 1n dual

node to transmt and receive the signal. 4. The nethod for
noni t ori ng,.S forth in claim3, ei n.said transducer. i .

o ezoat cctr el & SRRt HELR) ARG EIRALIRe 1ol e
claimi, AL Ao Pégéﬁ)ﬁW%mgggﬁgﬂﬁgbrs are enpl oyed, where one
transducer transmts and propagate he ul trasoni.c waves and .t he,

ot her tradéd"&efe%ppﬁ@eé?f%@owglwSﬁégﬁm daigy é*é‘?erf‘ﬂ%?hﬁﬂﬁ%g*iﬁ@qﬂ%ag?"d?e
moni t or i ngletaniney helepth of pEasipnaind g pmalann When 4 Reeierpigedprgount of

pi ezoel ectargstondias et rgached duripg epppicat us for real -tine nonitoring
surface area erosion of a sputter target in a physical vapor
deposition process, conprising: a sputtering target assenbly

i ncluding a backing plate and a sputter target having a surface area
which is sputtered to deposit a thin filmonto a substrate; at |east
one transducer disposed through the back of the backing plate to
transmt, propagate and receive ultrasonic waves over substantially
the entire surface of said sputter target; a pul ser/receiver to
provi de and receive a voltage fromthe at | east one transducer; an
oscillator to record the ultrasonic wave signal transmtted and

recei ved; and a program |l ogic device to nonitor and determ ne by a

si gnal processing nethodol ogy sel ected fromthe group consisting of
ti me-domai n anal ysis and frequency domain the depth of erosion at
different |ocations on the surface of the sputtering target in

real -tinme during a physical vapor deposition process. 8. The
apparatus for nonitoring set forth in claim?7, wherein the at | east
one transducer is a dual node piezoelectric elenent. -26 - 9. The
apparatus for nonitoring set forth in claim?7, further conprising:
two transducers disposed at different | ocations on the periphery of

t he backing plate wherein a first transducer pitches an ultrasonic
wave signal and a second transducer receives the signal. 10. The
apparatus for nonitoring set forth in claim9, wherein the

pi ezoel ectric elenents are di sposed about 67.5 degrees apart on the
peri phery of the backing plate. 11. The apparatus for nonitoring set
forth in claim9, wherein each of said two transducers is di sposed at
an angle within said backing plate to enhance signal transm ssion and
reduce noise level. 12. The apparatus for nonitoring set forth in
claim1l1l, wherein the noise level is reduced fromabout 3% to 50% of
the signal strength. 13. The apparatus for nonitoring set forth in
claim7, wherein the program | ogic device determ nes the depth of
erosi on and sounds an al arm when a predeterm ned anount of erosion



