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Knop BACKGROUND OF THE I NVENTION 1. Field of the

Invention [1] The present invention relates generally

to systens and net hods of tuning an RF generator, and

TREBROVEP M A SONFCICTEANIRG EEFFICIENCY, IISING
cAUTOs FUNENG OF ZNcRFt GENERATOR! ATRCONSTANT
The use of acous ener i s.a_highly advanced,

non- cont act, cl eMAQ(HﬁﬁM)EEFI EKJICéYDVi ng

smal | -particles fromsubstrates such as sem conduct or

wafers in various states of fabrication, flat panel
di spl ays, nicro-electro- Bedmeniusl systens (MVEMS),

Gl O--Ant 0- £l ectro- mechanical. S apde. .
sonf RSN R SRS ESRRR ISR, RBIETTy Mitiall 2R S and
propagati on of acoustic WZ@’OPN ough a liquid nedium

to renove particles from and clean, a surface of a

substrate. The BaKGROUNINWOFFEHE INVENTION y
propagated in a frequency range of about 700 kHz (0.7
Megahertz (MHz)) to about 1.0 MHz, inclusive. The
| bQui,d ium.can be dei oni zed water or any one or
L. ng?édgftmfg}ogubstrate cl eaning chem cals and
c i natiaons thereof. The propagati on,6 of acoustic
(1] e?{?#w%&lal@woa relatgs cencull (S e AR B tiadh OF Biftnecn RE
SPShAAGR 19, GRS hAEAUGHs teul IR PRt RF
generco l'apse o m%ﬁnbag?eg}#r om cﬂhsssgﬁldvesd gageos EFﬁlr?f tBEen n
generhtor)ford sobstratewleimdngsystenef erred to as cavitation,
m crostream ng, and chem cal reaction enhancenent when
chem cals are used as the liquid nediumthrough
i nproved mass transport, or providing activation

e . Jol 1 e chem cal reactions. WO
2 23%5%%@5@9@8#%%%&'?041226 2 [3] Figure 1A is a
[2] gi_la:%g 'rg?g]ﬁf afecoﬁggcly Iegg%/l is g%‘ig%tfy g&'v%%ct:er ; %gn-%n & I, élgarﬁ%{g’ Ee%ﬁﬁology for

removing small-particles from substrates such as semiconductor wafers in various states of

fabrication, flat panel displays, micro-electro-mechanical systems (MEMS), micro-opto-
electro-mechanical systems (MOEMS), and the like. The cleaning process typically involves
the propagation of acoustic energy through a liquid medium to remove particles from, and
clean, a surface of a substrate. The megasonic energy is typically propagated in a frequency
range of about 700 kHz (0.7 Megahertz (MHz)) to about 1.0 MHz, inclusive. The liquid
medium can be deionized water or any one or more of several substrate cleaning chemicals
and combinations thereof. The propagation of acoustic energy through a liquid medium
achieves non-contact substrate cleaning chiefly through the formation and collapse of
bubbles from dissolved gases in the liquid medium, herein referred to as cavitation,
microstreaming, and chemical reaction enhancement when chemicals are used as the liquid
medium through improved mass transport, or providing activation energy to facilitate the

chemical reactions.



top view of the batch substrate cl eaning system 10. A
tank 11 is filled with a cleaning solution 16 such as
waledosniwesl wat er or other substrate cl eani ng cPEMUSZENF 041226

A substrate carrier 12, typically a cassette of

substrates, holds a batch of substrates 14 to be

cl eaned. One or nore transddcers 18A, 18B, 18C

generate the emtted acoustic energy 15 that is

propagat ed t hrough the cl eaning solution 16. The
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and the transducers 18A, 18B and 18C are t};ﬁi cally
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which thereby increases the cleaning effectiveness. Additionally, pulsing the multiple
transducer arrays 18A, 18B and 18C is used (i.e. providing a duty cycle such as turning the
transducers on for 20 ms, and then off for 10 ms. The transducers 18A, 18B and 18C can also
be operated out of phase (e.g., activated sequentially) to reduce compound reflections and

interference.



[5] Figure 1Cis a prior art, schematic 30 of an RF
supply to supply one or nore of the transducers 18A,
wa3m®4/010888 An adj ustabl e vol tage control | ed oseCT/U81003/041226

(VCO) 32 outputs a signal 33, at a selected
frequency, to an RF generator 34. The RF generator 34
anplifies the signal 33 to3produce a signal 35 with
an increased power. The signal 35 is output to the
transducer 18B. A power sensor 36 nonitors the signal
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value of a reflected signal 38 that is detected by the

[7] p%‘@?ﬁstﬂgttﬁé'fr%ﬁen%hé el éﬁ?ué’t‘?& i @;ﬁlc@@f H&tt%s@l&er 18B
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by vattyyng the feguenoy _an@d]emfmedh@yavaiengnlh ebihe s1@alsf3|3¢ai1and the ermtted

repajirs, mai nt en erforned on the substrate
eneray | S RYRIGADY & CEER B0 Uabis 10N 1 HboHE ATk B 4dsE In the tank 11
and tHe'W@g%qu a&J?stQ&’{o &ﬁh%ﬁb@s@ ’f &Q:g c?f ik néna‘ig@s 8Biahl ¥k emitted

ener gy t he transducer
energil 8Buntl theithpadaerct dfsthk tramsdaccd 1i8Beais twatahed psandit@Bd by @minimum

thesrf ceo t he transd r 18B, the re cte
value ghaf St ?%&@Flﬁ@@@cwﬁ%ar thm%%m%t%f&g dAasedhe YO 32 has

been eglzﬁ’s% LG LRAVE Y Pﬁﬁurﬂ%’ﬂé&‘?&f u%i&g by e‘thé Wg‘ﬁeﬁf Iis\e/tgﬁi%all}T hé&

tructive Interterence
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portion of the WO 2004/071938 PCT/ USZOOB/ 041226 4
cleaning system 10.

[8] When the transducer 18B impedance is not matched, a portion of the emitted energy
17 (i.e., waves) emitted from the transducer 18B is reflected back toward the transducer 18B.
On the surface of the transducer 18B, the reflected energy 17 can interfere with the emitted
energy 15 causing constructive and destructive interference. The destructive interference

reduces the effective cleaning power of the emitted energy 15 because a portion of the



emtted energy 15 is effectively cancelled out by the
reflected energy 17. As a result, the RF generator 34
wekdosorwsry i s reduced. [9] The constructive PCT/US2003/041226
interference can cause excess energy that can cause
hot spots on the surfaces of the substrates 14 being
cl eaned. The hot spots can €xceed an energy threshold
of the substrates 14 and can damage the substrates
14. Figure 1D is a typical transducer 18B. Figure 1E
emitteld®ndreg 13AH eﬁ@&w@fgﬁaﬁ&ll@ﬂ Uy the séfldctudt dnerzyddr Ossa teselt, the RF
transducer 18B rve 102 is a curve of the energy
generasor 34 efficienevnisgedusedt r ansducer 18B in the x-axis. Curve
104 is a curve of the energy emtted across the
[9] t 'ﬂ“ha sohstrecti Bidtearferdnoe can exisexcCsy anergyABat can &agserhoé spdts on the
conposite energy emtted across the transducer

surface el b sPetates 14 being,cleaned, (Thaaotyppaly can exqeed ap GRgigY freshold of
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the effeDfyq ERARAARE Iy EhohP PRSI 10 IR0 indoy tha
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[10] © ghb@eheRcs! (RS (FcMD 2A0ALREERARVREELHSZONEAL 206
constructive and destructive interference caused by the reflected energy 17 can also impart a
force to the surface of the transducer 18B sufficient to cause the transducer 18B to produce a
corresponding reflected signal 38. The power sensor 36 can detect the reflected signal 38
that is reflected from the transducer 18B toward the RF generator 34. The reflected signal 38



5 can constructively or destructively interfere with
the signal 35 output fromthe RF generator 34 to
wo eoottlozro3s educe the efficiency of the RF generB€DUSB43/041226
[11] In view of the foregoing, there is a need for an
i nproved negasoni ¢ cl eaning _system that provides
i ncreased efficiency of t heSRF generator and a reduced
energy wi ndow of the emtted acoustic energy and
reduces the probability of substrate damage. SUVMARY
can capptrigivel INwESIr@i viely2ihteBieraditly thepégal 88 putphefrpmakeRF generator

' ti fills .th b i di ng a dynam cal |
3410 hiHhERedRe e rShitny o gt 108 SrbHebLd 1 v funod 1o ’

mai ntain resonance of the transducer and the enitted
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tat picles LhGeieE BRIl s 1B pr B PR By o ot the
emitte@Rbedtc cRergyuing &eddcsmé?lr&)aﬁﬂidy &f subktréte d@vhge. Sever al
i nventive enbodi nents of the present invention are

descri bed bel ow. SUMMARYE OFDHRINSENTION udes a net hod

of dynami cally adjusting an RF generator to an
12] | BR4d GRS, the PRI inTenGioH BNS Yhel : i
L12] nmet ho ?ﬂrgl:c uges ?’?%utt?ng a RF ir?pu?@edgbg%gw@?}gr%dﬁﬁmcauy
tuned B¥tgenbamt@rthathecdistapdn euretl o matdin redonpite s tiof trarsdudepuhd the
vol tag,e of the RF input si is nmeasured. A second

enﬁttelsllﬁg@ i

nal

dfom tRegranggecent It shenldpe appypcipted thab the Rpssht inyentgn can
. = i i | e
e i ERERRATE e RRE ISl T BB, PR L Scomputer
readatile egpdianoya devite. 0Sevetal ivventi e qilsulliiwents oh ehe préwent inférdtion are

phase is not equal to the second phase. The frequency
descng%fﬁ'?fil%‘f"- signal is applied to a frequency control input

of the oscillator. [14] Measuring the first phase can
[13] | Poreobodizednt ingludee a meesisng efdlynahicaljy adjiistingean RF generator to an

o B PSSP T R o
signaltthEn ikl BQYBA6Y the Wi %éﬁ'era@drg Dfirst ﬁl-éaltsg gg gug g@?ﬁ??&%ﬁ g? HeRF input

i nput of the oscilTator can | I ng
signalfis mgasamerly A setondlphsseqpfal volthddf the BIRs gl dttpuf fremukaRY
control sign t he frequency coptrol input of the
generajQi i FReaspa @’hﬁ@ sighal ppip @I}&ﬁ}?&ﬂgw&rﬁtﬂ%@ﬁpwﬁé Ry
transdGQRRL. Bl 9 ' Sigha1 RO} lth& i
rans Produci ng t e?ﬂe%dl}gﬁ%:ygﬁ:% nﬁlgpu%?%}g t\}}ﬁggﬁ? heésefl %géttequal fo
the seqindphases Thet framenady dontrbhe g ixcapplicd bes Grequsncy bedttud éaput of the
.. f the first phase | ags the second phase the frequency
oscill®nt r ol signal decreases the frequency of the
oscillator; if the first phase | eads the second phase
[14] t Measupingohe ficst pbae ceCinclgegcdingahe agasured voltage of the first phase.

Measuring the second phase can include scaling the measured voltage of the second phase.

Applying the frequency control signal to the frequency control input of the oscillator can

include scaling the frequency control signal.

[15] Applying the frequency control signal to the frequency control input of the oscillator

can also include combining the frequency control signal with a set point control signal.

[16] Producing the frequency control signal when the first phase is not equal to the second
phase can include: if the first phase lags the second phase the frequency control signal

decreases the frequency of the oscillator; if the first phase leads the second phase the



6 frequency control signal increases the frequency of
the oscillator; and if the first phase is equal to
wao b@4peesd phase the frequency control signal PADES2009041226

change the frequency of the oscillator. The resonance

of the transducer varies as a distance between the

transducer and a target vabies. [17] The first phase

and the second phase are neasured and the frequency

control signal is produced for each cycle of the RF
frequénap uontsol gignbl intleasasehd frequeacy afl the osaildtdtod and piithy fing phase is

| east one of a_proportional control signal and an
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oscillatbd nﬁ{a’: ebotBhc BhE %ns%fﬁpé}d)aﬂgyés d GRSt RedY ﬁ%‘é gfghﬁfucer and a

providing RF to a transducer. The system I ncludes an
targetoaded. | at or, an RF generator, and a vol tage phase

detector. The oscillator has a frequency contro

[17] | MRS FirapHa@n@thS s2BAd pRisb RidimeakhiRd Bnd RNeERieAty SdtroRBignal is
i nput coupled to the oscillator RF signal output and

produggd foF egphraycletad theoRF puput signgll ddhetmecthérbcanralsrsisalude applyimg at
vol t.age phase.detector jncludes a.firs hase j nput
least Qg 5 AP R Lo L CPRTisLEna| SeA TRt CoEP! sBSal oy1aF BFavegcy
contrsi®f@Rd phase input coupled to the RF generator output,
and a frequency control signal output coupled to the
0SGi - j T
18] ¢ loePabodikal R RNeS F-A0 of ot A8 KEip ughgfikpr fhe system
included b décilbdtot, AR RISEdnktabdrOsind AWdltagh phase Slefciond THE wbdiBator has a
The second phase i{(%ut can be coupled to the RF
frequenen epatrd inpii epd en R ssgngh outguts cliei kg gensvateichas[anapputigeupled to

o o R S0k R D S BIRL ehRpld e

voltagdfbhid detdctor iR€lue& it ]f)l@dﬁ@ {nphit €duptenoitheREERnal dithstof the
| nput coupled to the re(i_;ency control signal output,
t

oscillajos e seeadiphpset inpefigouplediethe Riggenstsiton ouspirit ansl a Epgpeaty control

. _an an qutput coupled.to the oscillator. frequency

signal gy BPosih i the SReuPRt dieh ool upiBigR mpi ool L e
generator. [21] The transducer_can be oriented toward

[19] ;The figdphasednpytsan by spypleiodhe REstanat pyang ¢fdhe oscillator through

a scalfrrrlrg%%qg.g fhe Fe;elc-:gﬁfl hgﬁéﬁ% gén B%{:;bel}%?ed. td Q{lyﬂg%ﬁhﬂ‘gﬁg output through

gasonic c arge
a scal@rideciceduct or substrate. The RF generator can operate
in a range of about 400 kHz to about 2MHz. [22]

[20] ATHE ARRu&RY @Qﬁtf@%%ﬂap&htﬁﬂ’t%n Be Lh@i1SHtBE olﬁﬁllﬁek’fr%%lg)ncy control

that includes a voltage controlled oscillator (
input throughsscditiRFampliferatlie, contrelainpidier pimiselude ndstanput Thepled to
VCO has a WO 2?04/ 071938 PCT/ US20Q3/ 041226 .
the frequency control signal output, a second input coupled to a set point control signal, and
an output coupled to the oscillator frequency control input. The RF generator can be a class-

E RF generator.

[21] The transducer can be oriented toward a target that is a varying distance from the
transducer. The transducer can be included in a megasonic cleaning chamber. The target
can be a semiconductor substrate. The RF generator can operate in a range of about 400 kHz

to about 2MHz.

[22] Another embodiment includes a transducer RF source that includes a voltage

controlled oscillator (VCO), a class-E RF generator, a voltage phase detector. The VCO has a



7 frequency control voltage input and an output. The
cl ass-E RF generator has an input coupled to the VCO
wouioplr19ad an RF generator output coupl ed to PEEUS2003/041226
transducer having a varying inpedance. The voltage
phase detector includes a first phase input coupled to
the output of the VCO a sécond phase input coupled
to the RF generator output, and a voltage control
signal output coupled to the VCO frequency contro
frequanoy t:atgﬁ)l ivohiage ihputcing naugont The classAip R deaeratokthas an 1nput
anplifier includes a first i nput égupl ed t
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amphﬁ : ans%{%glel{rr&vmﬁlsf eg Encélz%ég é:flfr%tng%ﬁ %8{5/&)1@? ?c{ %1% rlf?lt%%e control i ignal
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to the transducer. The RF signal is dynamcally
VCO faquesepeontel yaltagednputa r esonance of the acoustic

energy. [24] Dynamcally adjusting frequency f can
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a cleaning solution e cl eaning ution

substraiel dihie zelsktratet ie moved eelatieaoitigtrastuder SThecRIA signal is dgnammieally
or nore of a plurality of cleaning chem cals.

adjusteg) fumepingain o resgPRnseiof e acausiic eélpwm to maintain the
resonance of the acoustic ener can incl ude

[24] nmBiynamically gdjastingifsequancyiodan dgmu aqtcbmatmallg iadjuating the frequency

# for e ofaiedk el VB tRenhe vbaith e e R i include

rotatirfy thOBHshale. Vol tage of the RF signal applied to the
transducer can include nmeasuring a first voltage of

[25] 82@? rslfﬂ: trﬁl!eg:gﬁ‘ also %8 @@@éxg@d 51{12? %1];51{11?)% ﬁﬁﬂ 1511”‘ gfhet 8?&é?g solution

set a con

can besdegtrdred Watar. VH{el caédnmgzbmmm&ran smmmieyoxfza)r asort f agjuislity of
an out put voltage of the variable DC power supply

cleamng] ehepaiealab Dangyaicpbyedivatingshe @@maytw@mg@mmpsm@nqw the
acoustlc er%tr era%?ﬁglude %?ﬁ‘mn%glfc\é{lﬁgﬁt%ﬁtagﬁgotttn g%ﬁag nﬁéhed‘%o the

€ resonance acoustic éner
transdu®gt! ude dynam cal |y adjusting a frequency f of the RF
signal applied to the transducer. WO 2004/071938

[26] P&t/ ﬁ%ﬂt@r@aﬁ%ﬁplyﬁhe RF signal to the transducer and maintaining a constant
voltage of the RF signal applied to the transducer can include measuring a first voltage of the
RF signal, comparing the first voltage to a desired set point voltage, and inputting a
control signal to a variable DC power supply so as to adjust an output voltage of the variable
DC power supply, the variable DC power supply supplying DC power to the RF generator.
Dynamically adjusting the RF signal to maintain the resonance of the acoustic energy can

include dynamically adjusting a frequency f of the RF signal applied to the transducer.



[27] An RF generator can apply the RF signal to the
transducer and dynam cally adjusting the frequency f
wo@boonke9B¥ signal applied to the transducer carPCT/nsioodies1226

measuring a supply voltage applied to the RF
generator, neasuring a peak voltage across an out put
anplifier included in the & generator, producing a
frequency control signal when the peak voltage is not
equal to a selected ratio of the supply voltage, and

[27] aRRIRF Shetdier dah @pple BisyRB Gizhalab the gasbucdr and dfmamjoaiycadjusting
control input of an oscillator that generates t

he RF
the fregpepreaIf of ek signstrpgbietiothe frapsdicesan ynclysde mgasuripg,a supply

to the tr ucer. .an ] ] i s
voltagp raB%lb@ntS ﬁﬁefnﬁg ﬁg?%aétgﬁ%mm ﬁg}%g ac]gépa%ﬁog[gé#%tr{)%gmtoﬁl Tt gpliper
includé@#h he RFUgRiciafdibrotidnga fidfudnep ebntrdisipnal whemthegrak voltage is

oscillator the generator and anplifyi ngI the RF .
not equalgn alselepted masior thesupphit wltageAndiapplyingithe Eregengy copiprlisignal

vol t age of .t he in signal | a second
toa frﬁwg‘@g%qn%é’l PGt &Z@eosgﬁfaf%é&éﬁe%élrgtﬁgﬁ%ﬁ %gPalf romthe
RF generator is neasured.. A frequency, contral signal . ..
28] | i erreetondie Aopans Rgé%gnaﬁaége jransdpeer g ﬁ_rfn%%w?ﬁpéadlustmg
; y ) .
v GBS SRR TR R L £ S Bt
signal Afoph Be bscidociha R genaatordad amplifisnetine fRAT sighed amihedRBagenerator.
substrate includes a_cleaning. chanber that includes

A first phese el eeinpuinteliaee olbibe Rt BPULTHENA 1SIAAAEEr @ BRePR Phase of a
ri.ent ; i e di
voasB B8 RIS ok Ko LR S0k ok MpELABL it St
signalaé podutdiiohederie first yhasgiis abt equaldp tisd sbbed PiaseeThe fitquency
that has an output coupled to the transducer and a
controf gigiplis RpRlieddo pireguensy canirel iBp@t e thegpscillifiit of t he
adj ustabl e RF generator. The substrate can be rotated.
[29] TAmothiestmbodiméntciacludes 3 syateoufor 'cleaning el swhgjtdte cluglas REleaning

signal output fromthe enerator as the. substyate
chamtey T pngite & ppdopRAng A R B | O SChcgb Pginggortentcd 16ward the
substrglg.n A %r%leccﬁﬁ'tahz{éct% %gﬁra?es\fﬁé' {raRUECc P @ BRbSHERP| The system also

ving a contro ut and a DC output coupled to the
include$-a gemaniahlby adjidteblé REPeacdato ithat bat an auputicoopledéo the transducer
first conparatar_ that infl udes ﬂ fi.rst iq&ut cou Igﬂ@
and a fegdhackeircpib coupled o gantef gyt of the adjusty NS Yupl %d
n ab&Rd BhéRlof §h @Fignal output
Subsu%%t‘%ﬁf% © E{gtﬁ%?'eS.B?gmatnﬁgdgg%?éi—glab?lﬁpﬁ?v ag? t%e 0adj ust é%[}aeou pY
from tRE RIegementdiras thewmbstene fsabtatetput i ncl udes a vol t age
control input on the variable DC power supply. [31]
[30] Thge qyﬁkﬁ‘fﬁbﬁﬂ} ddfusabId RFRh& afdr cALMEIUAE @lvafidhle DT bowler suply
oscillator, "an"output anplifier coupled to the o
having s contratinput and pIRC antgutcdupked to gteldlF geneTater. oBl fepdhagk circuit
. has a control signal .input.and an RFE signal output .
can infiyde R HH SOBPAENE ‘B IpTRIS G ERI R BIsH gt SgPaFontrol signal
i i {d thE LRcr R QitbutOind Déoriol Si2RSN Gt coupled to
aseco%agté%gglg@%{tdctiﬁr cui rlcan ri ncl u%l% arl peak \?\D %004/ 01§7uy1938p
the coR(EY inpROFIhO4djadable RF generator. The control input includes a voltage control

input on the variable DC power supply.

[311 The dynamically adjustable RF generator can include an oscillator, an output
amplifier coupled to the oscillator output and a load network. The oscillator has a control
signal input and an RF signal output. The load network coupled between an output of the

output amplifier and the output of the RF generator. The feedback circuit can include a peak



9 voltage detector, and a second conparator. The peak
vol tage detector can be coupl ed across the output
w@epkiofioss . The second conparator includes a tPCT/US2003/041226

i nput coupled to an output of the variable DC power
supply, a fourth input coupled to an output of the
peak voltage detector, and%a second conparator out put
coupled to the control input of the adjustable RF
generator. The control input can include the

voltagesietdctaa] @d £@odndéonspagatat. Thapaik velRze ddieetod yaralva amipled across
adj ust abl e RF generator can_include an oscill ator and

the Otléwt RMpligeheFhg @Pom%fmp%ebmébpd%a thied 1gRiet; qoppled o pgroutput of
i

the vaaBBHC BBt tuoph S nb pleB th BBofoly GUE B voltage

detectot, andiatsecuid dofplatifisr cutpud cowded mhﬁs eontetd igmit of the Hdgustable RF
vol t age phase detector can include a first phase input

genergigy pllegicangrol putgandnelndg the @s¢iPator egntioh siggaldnpytat or, a
second phase input coupled to the RF generator out put,

[32] aide aiynatmieqld.ceadjystdﬂm RE@eneriatpn ghn imtqdatan oscifjhtod andan RE

eGP e B ORI 0 S PRSI g iy
contrdl ‘i’l’fﬁdt Qhd 49 RFag&al Wgﬁt lfl%%]:edm& Ei}‘&fi‘tr@aﬁ 2héaes] iJM&Ig@ %@se

F generator can include a supply voltage source,
detectos cThd atdlage Iphwsemigteatom oat inoluds iadivst| phiasinputasvapled tRIéhe RF signal

nalotput out put anplifier c led to the
outpugaidhe Psgiliptop Gtsﬁ‘ﬁﬂnd RIS o H@ﬁ%&ogﬁl%aémﬁnmaﬁid a
f i t
s ikl PRy TR Bl S AR eror
The comttdlaggut det actmle theaeillagd feegueasy dohtrolowdlfage irpapl i fi er,
and a conparator circuit. The conparator circuit can

[33] | Mhe W9Rardichlly &djudtatle RFGRHE .M ch@dchﬁle%téﬁﬁﬂ)l{/ voRhgeadiRirce, an

source, a second input coupled to an outpu of the
oscﬂlzpelalkawmg 2 agérol sigedltiopyt and @n mm pBtpYt, 2D QU EPL amphfsere@upled

h t ol t ab
to the'aReI G G, st Bk cnbp Bl o PR o8 Sl S DFfeh fotifier
and thel RN of IRUF gerleAftdr. THR fgéﬂﬁﬁé‘k SiddulivcaFhilsdeebp&kRioltage detector

generator can include an oscillator, an RF generator
couplédarossabeipiitput anapliffes, andci dolngrapatomRirui| dihalcompagatar cirawig can

A o IV R
of the?)@gk 6{3‘1@% RicoRa anﬁléto%ﬁ{garata_ﬂﬁltﬁlﬁ ch@sied Ride %oﬁt‘%lq{%ﬁngrof the

udes a first phase Input coupled to the
adjustablg R gonetgdart Tk cohtrel ioputicah afobude the swildaior @naroksigmyd uput.
coupled to the RF generator output, and a frequency

[34] COME d9harficOiMPhdi@ate RFGRHSRRA chiRirchrle @8kilhtot, BBWRF Sénerator
the adjustabl e RF generator. The control input can

input cmlfzdj@ thérescaldaton shgnalfqugqmeamdyh@: Eoadbask cizgnit gepeinclude a

voltagetifte arscirde. " SGIRGRPE rrfRRapy SontisF nkBaml B Sigpp! output.
The v6R4ke phasd @Redd¥hANindTRISR tyiepasairput eslipisit8heRRisignal output of

generators each having a respective out put coupled to
the osoilgtanf a sdeend plaese inpub eeipledatosbieBErgenerTioe outipat 2dd e drequenty
control Ig{:glnla{fjoeutput coupled to the control input of the adjustable RF generator. The control

input can include the oscillator frequency control voltage input.

[35]1 The transducer can include two or more transducers. The dynamically adjustable RF
generator can include two or more dynamically adjustable RF generators each having a

respective output coupled to one of the two or more transducers. The transducer can include



WD 2004/ 071938 PCT/ US2003/ 041226 10 a first
transducer oriented toward an active surface of the
wgaimsrese and a second transducer oriented tPOERDUS2083/041226
non-active side of the substrate. [36] One enbodi nent
i ncludes a nethod of dynam cally adjusting a RF
generator to an instantand®us resonant frequency of a
transducer. The method i ncludes providing a RF input
signal froman oscillator to the RF generator and
a first tRASIHcENGidhtealppayd anodctivg surbgeplof ek substtdie andRirsecond transducer
generator. A peak voltage is neasured the RF
onentgbmaad 6POHAC‘11Yeeﬂ@Fé9fébe sEstrat§l signal is produced
when the peak voltage is not equal to a selected ratio
[36] oOntlkeebsdipyiny inobides genettidueof d‘yneiq'waﬂy, ydjclstﬁng aJRFg’egfprator to an
is applied to a fre enc cont t,
instanfaoge slrgfqﬂant %qﬂen% gucteﬁ e%g%%ﬁ@g 1chbdz‘escp§?]wdmg a RF input
s1gnal'fﬁﬁ1|1 Ye 8sTRABHO tE RI'PJ g%n&%f% a¥@de888ingfa KRN voresLaplied to the
the RF 1 nput signa Measuring the peak vol tage can
RF generatond A peak soltageis acaassd tHeeREJgdzrmmtor akrfileijfiéney control signal is
i er._can

produgi y G PAE Y e AL RGO JeA RGPS HD O SRRl Yaltage. The
freque\ﬁg%F@rg?olfs{g%ﬁ)E g?ﬁéd}otacfﬁ% é&g/;) c%gtr\elf; Hteof‘%h'é Qééﬁllator

I ng age applied to

[37] t B)Eeﬁ &/tglg{pgélg\r/ol gg%ﬂ[‘ %Iﬁglg?e Hie%%ué‘i %pfagggo%égé Spﬁfach cycle of
the RIF ﬁﬁ)lut‘ﬂgnﬁc AdaReridd e pBASHIIRE: BPIhcliak ht@Suring a%&}ss Tieeoutput

selected ratio of the peak voltage to the St{d)‘ﬂ
amplified malgéed;mthb &@maﬂatqro The paipyearoplifiyernde a (MObtdegice and the
t and ab ecifica
peak Yoo R pag apeieSe Goma@neh Sehuicd ap e b pBRURRL Measuring
1t4 88 Ble RIOs@RAMSr cAn titddeNcaRiOME nbaburb® sdppl
the su@ﬁlg@ot ?ﬂn Igﬁean aleso i ncl udre Iallppl yi ngaat I easta onesofpy
voltage. Megsuring thegleak voltagecas algm aicluiedcaling the expasired peakt viadtiage.
signal to the frequency control signal. The nethod can

[38] alThe sélBetkd etioTRhe/bdal valtageidhd Sipptl Witage gmabe eqitaptata range of
fromthe RF@&znerator to a transducer, the transducer

between Aontdciol radabant 4 te r Ylare specificallnbe selaetad Eatiorgfdhe peak
Volta%est@ Se%il%{e)h/e\%ﬁ]tgl%%ggqﬁ@rcgﬁ h&}] ?ﬁﬁan g% 3%3{1%51 t?q lo? Pﬂbtﬁtﬁ&el The

methdieiag afol iRAuEE appihg biehsidas oﬁa gtupbftmnamint@ga gB4luné an integral
an oscillator, an output anplifier, a load network, a

contrql sgnal/ol thagreqlmxe eendrol gigdal. aﬂ@mb@@em algq inglude appipiag an

w58 B 85, B R P BB B8 L e

towar@ 2 Fhrsb@h AstHeb Bb'ttweeﬂ_ 'ﬂ% thRBGUCBLANPIhK tarSettRip LehrRBleiEance.
an output of the output anplifier and an output of

[39] ¢ IA%OFH: or HBEEMN nciml% Eg?slfen\f ?+ L RMEraAfE RERL: 1nél§des a supply

d "across ler. e conpar at or

voltagei so@tee] arl milla&aﬁaraoﬁtpﬂt%nplmw,ta loadipttedrk, ta(tpehkl eolsagepie;ector and
vol tage source, a_second i nput coupl ed t o an out put of
a comn@tqs@anuwoﬂhag@ﬂlaﬂ@qI@éta@pn reldensl Bprhanda élanallﬁutput The

outpu? gmf}flt%g' i goﬁlﬁgd R566 bl o%%ﬁt.r The %agl%ltwbﬁ%jgoupﬁﬁebﬁ%een an

output of the output amplifier and an output of the RF generator. The peak voltage detector
is coupled across the output amplifier. The comparator circuit includes a first input coupled
to the supply voltage source, a second input coupled to an output of the peak voltage
detector, and a comparator output coupled to the oscillator control signal input. The RF

generator output can also be coupled to a transducer.



generator output can also be coupled to a transducer.
WO 2004/ 071938 PCT/ US2003/ 041226 11 [40] The control
wG@@aari9san be out put fromthe conparator outpRCT/vkI®N3/@41226

supply voltage is not equal to a selected ratio of a

peak vol tage output by the feak vol t age detector. The

peak voltage detector can ¥lnclude a first capacitor
coupled in series with a second capacitor and a diode
coupled in parallel to the second capacitor. The first

[40] | Mhetomtollsigateutitay @itimrt fiosn the wpnpdratar dukyit swheplaysupply voltage is

vol tage  source thr ouag(? a first scaling_device. The

not eqyakie afslackegaatioiet apeakrvokiage prEriRYShaPeRcliges defertag The peak
vl AR QiR bBL A B, A 3%t puior

diode@bopled 2Mpizalldl 4d theAsedndeapsiton dThefitst inpat ofidhs camphiator is
generator systemincluding a_s source, a

suppl.y voltage

couplgdior they sURphy, v eléage sguiss Sirppgit Hirst saatg Havirs ngéP REsktviokpge

VOl i 0 t Li.fi
et PARpE e AR o2 PR g AR ol The
oscill@etiginesherdbeineRing@6f MsupPLO0 Kz tdwboatiZMHz. anpl i fier and

an output of the RF generator is also included. A

p
] D e R B oy R R AR A Sl yloge
source, pultagocpitedled osdilgos (PO yhaving agentsxd wolizge iapwendad output

i nput coupled to an o t of the_ pe volta
and apyghigit %FPhpféFr&BHEJS? 5 156 s Pt ogﬁiag&%a‘f B%t“%%@wpled
betwff h bftput B B iput B And 38 Sl e Yl RPecrBrdtt Pilko included.
A pealioboltagndendctérds abapléd acrSssGhd outputrambplifier. 0 Accopgkatonditcaiiehat

i out put by the peak voltage detector. A transducer is
includes g diretdnpes conplekfo BesBpRly pltaggspwice, § spopndyyput coupled to an

. ol : =1
oupuf Yol .8, TR OB OB e
input,aonitongoleige Rrowp@tedm the dofpatdtansgpia evhehracsupply viskage is not

generator, neasuring a first voltage of the RF signal,
equal & At R AP tonleratiprte & Dol Yaliaee puipyt et peek valiage gsteRior. A

| £. ' [ rol signal to a variable

Ums%%rdg\%é?plﬁgopt#’g &?oéegslgpg Og%%st an out put vol tage of

the variapl e DC power s |y, the variable DC power
421 < {ietodpryiinryidase melhid of rsipiining a sapuangapil voltage to
ransHEEE P iroh 5} ol b B R $ Bred b DG 4R KT
generhtot) ohdasurins a first npleaernd ehedkF sigealf campatingshe fifdteoltage to a desired

i npedance of the transducer can var s a di stance )
set POl VAkiase. EHLIPPHIEAR RBIOLHENE) (¢ %W@&bl%lg  Regver [Sum@y 80 as to adjust

an ou@%ﬂ?(g%fg@ 9f Méeva%]'aﬁlgte])dd g%)&e/?l?ns%ﬁpﬁrg IS 086k 'rlig‘? power S%?bﬂ’t “supplying

can 1 n a cont S1 gha

DC poweérito the RF gomdratos. Measiiringqheafirst voleagdichi archnieacilatgnke measured

~ the first voltage and
first voltage.

[43] The first voltage is a function of a impedance of the transducer. The impedance of

the transducer can vary as a distance between the transducer and a target varies.

[44] Comparing the first voltage to the desired set point voltage can include determining a
control signal. The control signal is about equal to a difference between the first voltage and

the desired set point voltage.



the desired set point voltage. WO 2004/071938
PCT/ US2003/ 041226 12 [45] Adjusting the output
woodosage3of the variabl e DC power supply can iPCI/Usm®03/041226
applying at |east one of a proportional control and
an integral control to the control signal. The nethod
can al so include orienting the transducer toward a
target, a distance between the transducer and the
target being a variable distance. [46] Another
[45] erthipakting hie outphtuaddagaofstiis vamabloD Cagmwer atpply chfinchat applying at
i ncl udes an RLP generator, a vari

bl e DC
least Qi jaypropgstiona! comtpl AR gp Intqgral q?ﬁ“@@ﬁ?éﬁ%ﬁ@}t?ﬁgﬁ&ah e method

aleyt Rl ' t

can 38 A SO BE 0k R Bl PEa o B AR wecll e rapgucer

and theuhnget beiny il @ithbleodistarcdRF gener at or. The conpar at or
includes a first input coupled to a set point control

[46] SiAGREHer ebS@RRALINCRIAES a SR B8 deRerhiis RE (BA LSRR an T
output, and a control signal output coupled to a

genergtor, pygaallo MG pdwensupplyoand heomparatah | BheRY jgonarator has an RF

AR 3 NN R
input ERIPBCBSRHut&dipIRH $Othe T HRradr. MR TbnPRRtAin@udes a first input

proportional control input and an integral control
couple¢dhiou set fidint RINrof sigealas secondimpuecauptddae sh&ERRiEenerator RF output,

enerator. The voltage of the RF signal is a tion
and a S5HIEH Fefikonlill cBRpied & s Paliedcentol inm on it deule BE neer
supply.r ansducer varies as a distance between the

transducer and a transducer target varies. [48] The

: : . | : .
7] TERANEE e Aol 0 MRS b P R BB PR v e
device Ultgd doaiparatdn@nGiHiac1atosnt 160 oREofdpropsitidhhldatrol input and an

_ amplifier. [5&49 Anot her enbodi nent i ncludes a
integralicantsal input. Abeddr generatoraanibg@lclaseE RF generatoE e voltage of the

. r [, acgvariabl e wer . s .angd a
RE i pon b o e S MR BB ER DFA nfpdaegf th frpglocer
variesG dRliseshck Be@eeh MRMrarRfluded Bnd'E Sas@0LS thiopegidser in a
megasoni ¢ cl eani ng chanber. The variabl e DC power
451 8l ot BOA AU By Bl NS0 R ot e
target carpbtd a samipbmilicta? sabsi@te. PHieompatdieigan He uh eperationd @aflidier.
i nput coupled to the RF generator RF output, and a

[49] CARbthet erﬁb&ﬁﬁi@nﬂﬂ&]@lﬁés £OMRUEE: RF @urc\é%a%tg%c]qu&;_éﬁg s ERF

i nput on the variable DC power supply.
genergiore s eaiabledEpavesr sppplyi ahds: dongpacediora hegdaseE RF generator has an
nificantly red %ed cl eani n c]5):lroc,essi ng ti.me

[ .
RF OU§J€? SQHPle tﬂ@nm’@lﬁéﬁ BomEssaup Hepsduoe{B Agyesasenip gleguiag chamber.
The vaMabRAYE PV My hAE co%%isfn?ﬁfl ﬁldbﬁb@g)ugélﬁ g?@ﬁﬁ%ﬁ) fle RF
no acoustic energy ot spols” are created). e
genergpore Stcomparator includes a first input coupled to a set point voltage source, a
second input coupled to the RF generator RF output, and a control signal output coupled to a

voltage control input on the variable DC power supply.

[S0] The present invention provides the advantage of significantly reduced cleaning
processing time because the higher power acoustic energy can be used without damaging the

substrate being cleaned (e.g., no acoustic energy “hot spots™ are created). The present



WD 2004/ 071938 PCT/ US2003/ 041226 13 invention thereby
reduces the nunber of substrates damaged due to excess
W@ewusti988 ener gy being applied to the substraP€r/upHa3/o41226
The auto-tuned RF generator can al so automatically
adj ust for process changes such as different cleaning
chenm stries, different |ocaldons of the substrate,
etc, thereby providing a nore flexible and robust
cl eani ng process. [52] O her aspects and advant ages of
inventib® tHerebgitduess thie nuntbec ofsubaipgpey damtaged dne tdexcefsodcoosticramergy
_ detail ed description, taken in conjunction with the
being applsiarils HPsHRtawi ngs, il lustrating by way of exanple
the principles of the invention. BRI EF DESCRI PTI ON OF
[51] THAMheBRAYINGERF geherTioe caor dsemitomatiealyiadinstvdr iprgpgss changes such

PR TR TR RGN E R L A——
more HERIMI R roBRd clebiifie pRigELnce nuneral s designate |ike
structural elenmentS. [54] Figure 1A is a diagramof a

t v I | t / ' ) '
521 | EPp L ) BUISHER D €L 800008, BSkEThe ol T
folloveing detalled 8&kripidh) tfked & bénja@ndbioh Hithatht aciiRIRingQlrdkings
) RF supply to supply one or nore of the transducers.
illustrpirg by wgy péexample the prinsindes of theinyentiad: 18B. [ 58]
Fi gure 1Ei5ﬁ Era&f of the energxw' t e on across
the transduce®= ESE N S —Ch dynami c,
singl e substrate cleaning system in accordance wth
[53] ohegndsenti ineertionfwilllve rpadilyemtlerstoed by ithfollpgdig ditgiiadalescription
) 2Cis a flowhart of the nethod erations of . .
in corfifesion it RESoRTaYREAFav Byt b TIRE BacreRC R RgAl dsignate like

struct ifagissystem such as described in Figures 2A and
mcg}ﬁ?g%ove, i n accordance with one enbodi nent of the

present .i.nventian. 1] Fiqu i C | agram of
541 DREEER vt e moge ol bEE St Rellalht e A
one enbadi nent of the present invention. WO
[55] 2@@&#33@9%@@%@@@3‘? Ppiratg glepydE sYiglire 4 is a
flowchart of the method operations of the auto-tunin
[56] RFigwadCds o priosysischemgtid o anfd sappleiespaplyonp o1 more of the
uppl ying an RF signal to the transducer, in
trans‘i‘é;glgr dance

[57] Figure 1D is a typical transducer 18B.
[58] Figure 1E is a graph of the energy distribution across the transducer.

[59] Figures 2A and 2B show a dynamic, single substrate cleaning system, in accordance

with one embodiment of the present invention.

[60] Figure 2C is a flowchart of the method operations of an auto-tuning RF generator
system used in a megasonic cleaning system, such as described in Figures 2A and 2B above,

in accordance with one embodiment of the present invention.

[61] Figure 3 is a block diagram of an auto-tuning RF generator system in accordance with

one embodiment of the present invention.



wi th one enbodi nent of the present invention. [63]
Figure 5A is a schematic diagram of the peak Vds
wa@leddotrMBs8 i n accordance with one enbodi nent oPCT/82003/041226

present invention. [64] Figure 5 Bis a graph of

wavefornms of the peak voltage (Vds) detected by the

peak voltage detector, in ldccordance with one

enbodi ment of the present invention. [65] Figure 6 is

a bl ock diagram of an auto-tuning RF generator system
[62] aF%afm 0h flOwERS: of THPAELInTR Bper@fiofis¢f the 8R6Atnihg REEdnefitor

Figure 7 is a flowhart of the nmethod operations

systenpWhilp ¢heaRF @ememattpwg srpplyiagen Rfoyignal ja theransduser iih geaoedance

odi of the r sent invention. [67] Figures
with %ﬁe?%n&% %WEFSS?“P ‘®exanpl es of the
rel ati onshi ps bet ween phase Pl and %rgase P2

(631 B s WHEmatH GG ol He Rl wCRIEF &b figordance with one
embodlﬁl\é‘ﬁ%f tﬂ@ Rre[s%ﬁ]ln\FénﬂUﬁe 9 is a block diagram of an

aut o-t ener at or syst em according to one

o0 SO T B o bR R St Vi B8 b th e

voltagddeReiodTh A6cdRarRe Refhad R lemboMh&iof HR (R6RAf @R t h
one enbodi nent of the present invention. [70] Fi gure

65 3Pl R O R 5B G o

embodin@ut 6f the pfeSert igvedfibn.of the energy distribution across
the transducer in accordance wth one enbodi nent of

[66] tp%/gé PRSI0 W&Héﬁﬂf'tﬁé‘me%ﬁ% bilafohFoieht Elﬁb-q}hlﬁf RE&nerator

LARY EMBODI MENTS everal exenpl ary

systene advodling i mefa;nmbczaiunmtwf rdma@rbgcnamdemiwnam cally
adjusting an RF signal applied to the transducer w ||

[67] nPwuks 8re8Crshb®Graphk ofiirte H@nidaITe reliohklapebaivietn pihse P1
in the art that the present invention may be

and pipse PR it aerordanpowith ssaembpdiment of the peesegdayantiondet ai | s
set forth herein. WD 2004/071938 PCT/ US2003/ 041226 15

[68] [FRjure’distelslock diegraabafiem, aukd-tunsng/RF geneamgtor $yateim acrording to one

ncre the cleani.ng effectiveness, efficiencies and

embo lﬂwaﬁfgapreﬁ%ﬁténw Uefbstrate cl eaning systenms, while
reduci ng probability of danmage to the substrate.

[69] THigvee 1@igus flasvabartof dreem@thaé epyratiens dbyha Muo-twneg Rif@gsenator

¢ té ce si z he efsactt th I many
sys enalgaﬁﬁoa@ﬂ%g@gve 8 sPSEGRl Pl st gt donner s a o

cleanin stens.
[70] Figure 1Tis a iagram of a megasonic module in accordance with one embodiment of

the present invention.

[71] Figure 12 is a graph of the energy distribution across the transducer in accordance
with one embodiment of the present invention.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

[72] Several exemplary embodiments for automatically and dynamically adjusting an RF
signal applied to the transducer will now be described. It will be apparent to those skilled in
the art that the present invention may be practiced without some or all of the specific details

set forth herein.



[ 74] Figures 2A and 2B show a dynam c, single

substrate cl eaning system 200, in accordance with one
wepdvadiryesit of the present invention. Figure Z2PCHOSAS3/@41226

side view of the dynam c, single substrate cleaning

system 200. Figure 2B shows a top view of the

dynam c, single substrate dbeani ng system 200. The

substrate 202 is imersed in cleaning solution 204

contai ned wthin a cl eaning chanber 206. The cl eaning

[73] SAkdbicRibed AYoveil iPeery dBp&Hing BLindra thé Bleatid @ffEctiveness,
ot her cleaning chem stries that are well known in the

efficicagies amdithroughphivate isybstiate dening %yemrSh while rdueimgarolpility of

damagg 383# bStthé?tlg alTE%Sgﬁ;ect@%g%hs%gge'(a(%gr%a r]ﬁy){ & chng%ugusl}';rgﬂrﬁtkmg
dev1cehs‘i’ié§|aﬂg tﬁ’eefébﬁtﬁﬁt)m&g/ diéling 8tefidhied é\aﬂﬁn%&?mﬁg‘lﬁ siBstrate cleaning

r ot at ed e.g., in dlrectlon 209A) as the cl eaning
systengx ocess |s appl ied to the substrate 202. One or nore
of the three edge rollers 208A, 208B, and 208C can be
[74] dFiguess Afeagl 2B shali b dghdnio, siIButsaagsledning syst@te200h én
substrate 202 in direction 209A. The substrate 202
accordgace withtong embogiment af Be psentipventisnt Herre RoMhopsea side view of
r
the dy% nic hg’% fe ngslntgaté ai%hﬁé)s'g’s{éﬁ{ %&g ﬁfé‘l urgé&;%r %fgfsca atﬁﬁ v1ew of the

dynanfit &7108¢ edistrhe dliRmingsyseia208s The tilystiatd Zmaimﬁﬁrsed in cleaning
convert an RF signal 220 to acoustic energ

solutier?@4 eantaingdwithia acﬁlsaalmgfélag@m%% n lmeam%sqh#tgﬁls?cﬂﬁ*&@iﬂ be
de1on16ch%/8%rr] é]gfvaia%%rg% o?h tnﬁ%?ﬁé}ﬁts&fets ljla(t af%glg kf?(gwr? H{:tlﬂegft and

ceramc rrconrum anat e,

combiRh@FReh&ebf. i ¢ quartz, gal | i um phosphat e wherein the
pi ezoel ectric materi al is bonded to a resonator such

[75] aq«hg gﬁl%ﬁ]a&: 2091k Etﬁﬁfﬁnﬁﬁ{)géiﬁ%lar%hﬁ iTNR§ By Bir&Lbr Abre edge rollers
um or quart 7] As own |n Figure 2B, the
208A t:mns dﬂ&@ (orX1Mil arsnlgb doklimgndevicesintol thatshm bubstrate 208 cahbe rotated
substrate 202. Smaller tr ansducer S ca be rranuégé:tgr ed
ne or more

(e-g-» shiEectipp APNsasvBE GloaHRS PIORCSIS 8PP ligefa fhe MBS
I
e Bl AYE 38, 088 50 262yt WG ALR202000 s0
to rotdté BRSUbsete 20Din difpatés209PeTheibstrats 202 asebidated aea rate of up
the surface having the active devices thereon) of the
to abogtpdd RBMe 202 is typically facing the transducer 210.
WO 2004/ 071938 PCT/ US2003/ 041226 16 However, in sone
[76] edbmatisdecdr £10 [mealm:mblstadectaﬁrpaat@ tha gleaning bearober206. Thele

of t strate . 202 p03| e the ducer 210, .
wanscfioes 2191630 B8 e GRIGEF ST SIB0BA STV S8 OB R signal
220 tosi&ﬁgtf%rﬁ 14%?18&9& (B R YeaRingl SoXR@n D03t RE rabldubéOMMO can

the trans as the substrate 202 rotates past

be compesetirod pmiudea:tn_c zrika@cnaDsmheus cpmzdblecian chmmig,tleddwzizconamy e

) of anl afewmlllfm L thou‘g bothmnor
tintanate, piezoelectric quartz, gallium phosphate herem e piezoelectric material is

bonded to a resonator such as ceramic, silicon carbide, stainless steel or aluminum, or quartz.

[77]1 As shown in Figure 2B, the transducer 210 can be significantly smaller than the
substrate 202. Smaller transducers can be manufactured more inexpensively and can also
offer improved control over the smaller area of the substrate 202 that the emitted energy 214
emitted from the smaller transducer 210 impacts. The active surface 218 (i.e., the surface

having the active devices thereon) of the substrate 202 is typically facing the transducer 210.



nore. The distance dl is selected as a di stance that
mat ches the i npedance of the transducer 210. In one
wepmedirveht the di stance dl is selected as a reSDOSW3/041226
di stance for the frequency of the emtted energy 214.
Al ternatively, the frequemr:ﬂz/6 of the emtted energy 214
can be selected so that t di stance dl is a resonant
di stance. In either enbodi nent, at resonance, the
m nimum reflected energy 216 is reflected fromthe
Howeseth 1 scaaheerdb@dihents thooawive stdfare 2(1 8 @as Helor the2ide ofAke substrate
descri bed above, the reflected energy 216 can
202 opppsige ther eansfpeer 2@ enitted energy 214 which can
decrease the power efficiency of the RF signal 220 and
[78] cdihe thres edgecreﬁm 2084, 208 20#(g held the substnates22(apprpximately a

rixea 34 1 EBREBbEAGR 905 W RRE 67 FordhDinh e
210. Disddnct Q¢ coh B¢ dhen PRIBESNonlY B WRAIM&EER t6 43 téMsbut 160 mm or

transducer 210 can vary between the first distance dl
more.t ‘hexdisieoondl] isdektird ee a dbtanse thab maitdhes thetimpadice of thedsnsducer

ast the tra ucer 210.. The difference bhetween the
210. F g iogihRaheiSlangs Tis Sbeki o Srapimeaies b e tgpuency
. : ,
O e oL A TRy of N Pl BBy MWlcnfr e
selected sn that the didtanck ddjiies resomant Histanbd. elntaitheo¢mbaodiment, at resonance,
substrate 202 a ' copsi stent di sfance fromthe
the AR RGOS EY FHES I PR Bl TP aT 6202 bagiigtand the
transdAEG A0t 98 RRcARIUHIE tlfeq@ﬁ%]&éﬂ eiftrS) MW EnhtePRR: w1t]i1 the emitted
therefore variations In the distance can sti
energy2thiwhichuwat decreasehibe pvedrafificervytofitieenRE kiznal 226t andtcan 20k
and the transducer 210 can vary for other reasons as
decre%éﬁ‘ij Flepring P%E‘Fta’%?%r(?-gofnt?f%‘ée%‘?&t?é‘i%t\?%ﬁ)e%glﬁ subyjteat LG he
edge rollers 208A, 208B, 208C, etc.). As will be
[79] d vete thei subsirate 20@¢an Twabblegwomewhat sugh ithat therdistanaethstween

' b h bst r at 02 anpd_.t he.
the subyFhE R adf B 0 P o dRE e B nEF A5 sgeond
distant&182 &4 BRRUPArafY 302 2L Dast B IraddiRcd A0S dhe Kificddfke Between the
coupled to an RF generator 212. Figure 2Cis a

first distapee Hapnd te seconsl distatmedl2mar batp 6o sb@s . Somna®.020 inches) or

aut o- iing RF ner at or e S LN asoni ¢ .
even g8 W oA 4 24 S st B oBERERRD Gt
may b 2Ble4BhBROKE substafCHRrAANE @oMditBn Q& an &I triffsducer 210,

the present invention. In operation 255, the RF
the impeyved atige rqblesvwiadaet gunmniRE an sbgriate caRGantaistivee d1 and therefore

. transducer 210, The RF sigpal 220 can haye a frequenc
variatignS B QGHeres b comes bowsaT O PesrBasoPe oM dEatbTe 202
_ ' j I

o e Rl ot ol e G AR ARGt 202
withirf the gdgnollea @08 Al ROSKERO8GY et2 )4 Aswilltbedieforired tilh enore detail below,

t.ransducer, 210 js about 1.5 nm (0.060 inches) in
the varighip i, the distance betagen tg subltigts €1 anghe frangduggy 210 can severely
: ' L ' : et (e.g.,
1mpac§ﬁ§’fcﬂ'fﬂaﬁae %r?ig ff1E1%ﬁc3%ﬁf1@9l‘é 15? sé}?sgaz? Ela(gg (e.g

strate vari'es as the

[80] The transducer 210 is coupled to an RF generator 212. Figure 2C is a flowchart of
the method operations 250 of an auto-tuning RF generator system used in a megasonic
cleaning system 200, such as described in Figures 2A and 2B above, in accordance with one
embodiment of the present invention. In operation 255, the RF generator provides the RF

signal 220 to the transducer 210. The RF signal 220 can have a frequency of between about



noved, relative to the transducer 210. As the distance
dl varies the anmount of reflected energy 216 al so

WO 200403198 cause the emtted energy 214 is not BCTEHSR03/041226
resonance when the distance dl changes (i.e. the
I npedance of the transducer 210 is m smatched). In
operation 270, the RF genelf/ator 212 is automatically
and dynam cally tuned so that the RF signal 220 is
constantly tuned to correct for any inpedance

400 kAL $6E6 Ul eMIES bikth e typhi g beveeh abhange kHz b 8ButBeidizs dhe
wavel ength of the emtted ener?% 214 i s about 1.

5
wavelength g thedughefpqueacy psswsiieencrdr 2 grangitigd fgnpibe G@n@%@%w is
e he iadA yeREnE D10 T
abom:le%g?}fllseohd;’%ilﬂf ef%glffl lgrgh’%ﬁ@é Cgs nl{%:g as a Oz’%a\r/g?i Ia? inon

[81] ilgtb\e//é)elr%t?q ) theh %{\gécgytg Eﬁ:ﬁl ta eb Fg\é\,/eesﬁgf,taa?%?b%)ov%ggg gsnt?le target is
move?,%ﬂﬁ@%?)t tfnﬁftl%ﬁscfu@& A | At th®BRtantdd Pl aridshBe REBEnIITREMted

eve e emtted energy 214 nust be reduced to a
energy 216 alsouglesirkbase theerittet enarpy? by isalos elviziys in sesonancy when the

s, S LS 202 (oner g L sl 2 0t SXCRUEC o
270, tHOR® eﬂ&afog %2 P@i&%ﬁ&t&aﬁg 2nd hﬁé}rﬁﬁtﬁr (A Psd R B8 RBignal 220
g cally d

ener-at or can be automati uned to conpensate
is conbtantly tuded wacoredct forsny impddanch misaratehes hs therdisigive dd rohmggs.
approaches. In one enbodi nent, a peak voltage is

[82] d®cBilsed wiReRAgthQIRE athited chdigy BF4 Baimetat.9 mm 18.080 ithes), a
i npedance optim zed frequency of the RF signal 220.

movementofenied.58 moo 0 .02Minched) eapeavse a sfgnifinant/ivhpedgace variation

e A .
about @BVPLIdIRI. HhoRPHELULS ARRAYRF3Bn&I8toREY sthRGhshte for the variations

i npedance optimze the RF signal 220. The vari ous
in d1,ehdpaikrenatey lewh ofithe @nbite ey 214condsibracdusad (o 2 livwierpugh value

TR TR A TR
to prevRt %%%nﬂﬁ@cpéﬂgr D {PfroR e Eﬁg%é@i%tré’tg obhe present

i nvent The aut©-tuni ng RF generator 302 provides a

feedback contyol signal, .t he vol t. 0
1831 oSRF ARG BT Ao By HOCE 2l b Stk PRy 8BS [Xchfbnso for the
variatfonY@OthBRlisthibe a1 (B gR whigite dppasachdie Yok eRboditieat, WPeak voltage
306 can also be included as gart of the RF generator

is det@na sofesDEmpdntein the B sengratr 282 pinan imhsdanggpprazaddeguency of

for the anplification of .the RF_si gnal
e RE SRR, R 08 TR 505 M oS il co s o
BETh Hgg&faﬁée%kﬁﬁ@ d f8qMEPot BRIk 5ial 420 ClrAjed bncthe:
mndﬁ ncl udes an induc?or %14 ?% t he i#%ﬁt por?ﬁ%n %f t he
embo&ﬁlengeth@pmmsuap]&cagbe adjustad teinzpedhnde] @ti;rﬁa@metlﬁaglgnal 220.
The V?ﬂngl!l | tétglﬂgPtgfcso?nRglé;{?g Hsaeld ir::’ %gm {n%tigrll Within &' &héﬁg%ﬂt&{ﬁning RF

generator system.

[84] Figure 3 is a block diagram of an auto-tuning RF generator system 300 according to
one embodiment of the present invention. The auto-tuning RF generator 302 provides a
feedback control signal to the voltage controlled oscillator (VCO) 306 so as to adjust the
frequency of a VCO RF signal 310 output from the VCO 306. The VCO 306 can also be
included as part of the RF generator 302. A DC power supply 312 is included and provides
DC power for the amplification of the VCO RF signal 310 in the RF generator 302. The



[85] In one enbodinent, the anplifier 320 is a CMOS
and the VCO RF signal 310 is applied to a gate G A
waolc@in07038 s coupled to DC bias rail 322 and a BOUUS®0B041226

is coupled to a ground potential rail 324. A peak

vol tage drain to source (peak Vds) detector 326 is

coupled across the drain D8nd source S term nals of

the anplifier 320 so as to capture the peak voltage

drain to source of the anplifier 320. [86] The out put
auto-tOhing RE atdri3ep imledes Sn ¢odiptoz G 14 ¢n thie inpp wortivh of the RF

cl ass-E | oad network 330. The cl ass-E | oad netwo

generaig302s Qpecsrmers agplities 339 thatiamplidy the Y& RF slgn%lr’ﬂ 10 are also

£ scal e i npedance mat chi ng functions
mduc%@tn?/\g’enrﬁ@gmﬁe%ou Ce (|. ., RF generator 302) and an

1 5 e R
applicBY Q:% be@s. ARg ﬁlﬁ%oﬁgieﬁwﬂlwaﬁ B30ni% s%ﬁféelse@ cbpled to a

an i1fput to t e transducer 332 87] Figure 4 is a
ground Ipotentiarrhil 824.t Aepeabvh]mge(man &b samee (49651( ¥iis) tietector 326 is coupled
aut Q-tunin ner at or ste ile the RF
acrossgtgﬁ bran éguncg gstalalapw Gt r?ﬁrig‘]f’ﬁ ?@h 0 3509 cppufhe peak
voltagh/dRfts W iftreetidhe almBlifiGeppdance wi th one enbodi ment  of

he present I nvent I'n operation 405, the DC

861 539Pololbe' ARSpRRnGERh hulte SRuffior PR dnORTag e 320

The cla8iCE t6HRIhetwork3R0Es 8 EomfibdCRvich §e8RRbivhufl eheddrt fdtPerforming
respective voltage coupled to the conparator device

large-g4le ifnpedartch endbching Wacti snsdystweedlan Rlﬁsmlrcee(lel K%mra@ork%m) and

an R B BGERRE 3REY ol < Exfoud Reorf At tatealty Fhcfiis 3 LC
netwo?l@ NRA bafpat oidtﬁ¥ R8s E‘}Qacﬁ&t%vﬁﬁ(t 3308 cHRI& R iAPRUB tthé)lfrelmsducer

change i'n the control signal can be sel ected.
332. operation 410, the peak Vds is detected by the peak
Vas detector 326 and applied to a second input of the

[87] cBigasd Aistd f164edHaef I¥Omethide opeationdHO0dFURE hitb-tP g R penerator
also include circuitr é to scale or reduce the

systelma@@ while thed}F generaer 307 sepnlping an R signal 23dmthatgnsducer 332,

in accBr?én%&ﬁ \g%@'one ﬁé@%&dt ! t (%%@ prggesﬂt gne\;egf: %-9 rl[nﬁ a%t%n%OIS et¥1§ bc

suppl;emmgb & m&ﬁﬁrd&%rﬁl@t&@fed%‘gi%o ERYice BUPUIA e&ﬁhgyaﬁlder
nd the conparator device 340 is capabl e of comparing

netwogk 842 g0 addogreangluderbiosicale ®r rasicey metaa“géltlme\nfdbe regpgctive voltage

coupl%tgé%éeo %%%%%@@F évﬁ%:p 48)36; t]fliélgch}o%ﬁ? gt W?)(/&Z?' {o a VQI useable by

the co@afa@&*‘ﬂe@fce 340 ropbr@ibnal! SiPleRABRE Md2RRgMPSoRtb1E B also be
onpar at or device 340. Simlarly, the peak Vas

1ncluddéurethl6@0m$2ﬁtarahv1ca B40 so thet thdeats eadl amgunicafichengesindhe eantrol

. .a volt i Vi
mgnalcan%es&gcetecﬂl vi der network so that the actual peak Vas

[88] In operation 410, the peak Vy is detected by the peak Vg4 detector 326 and applied to
a second input of the comparator device 340. The peak V4, detector 326 can also include
circuitry to scale or reduce the amplitude of the voltage coupled to the comparator device 340

from the peak Vg4, detector 326 to a level useable by the comparator device 340.

[89] By way of example, the DC power supply 312 may output 200 VDC and the
comparator device 340 is capable of comparing a 5 VDC signal, therefore the voltage divider



vol tage applied to the conparator device 340 is about
5 VDC. [90] In operation 415, the conparator device
wR2@40mvper es t he peak Vas and the DC supply ROT/USIPE3/041226

fromthe DC power supply 312. If the DC supply voltage

Is a desired ratio of the peak Vds, then no

correction signal is outputl9fromthe conparator device

and the nmethod operations continue in operation 405

above. [91] Alternatively, if the DC supply voltage is
netwofko3426cadesile BT pavdraupplytvioiagefadm 200 VDG ena vbitagensftSheDC that

operations continue In operation 420. |n operat

represapte 200 VX inetbp 6PRIDHALOE dpYiee 4G nSimlaghiethe Pgaleﬂspdﬂechréﬁﬁ can

r r t
s ST B2 HEN 68 Rl S
voltag® BFp1add 16 fise ERaraibeddviceOPIRriabbsul SAMBCabove. The
correction signal can adjust the frequency of the VCO
001 i 5igh S35yt fpBobaie ot sho¥iput 98y0E Y At D

supplymdltagg érotrotht G peadr svgply 318. disthe Dfasitpplyponitaghes a desired ratio of
particul ar val ues of Ehe var i ous cogglonents in th

RF
the pelde Nes feBnosoRegin SHel 15t D e s Pa%Oftq%lC&yﬁgﬁ gy method
operat%&@ el{}%é%qﬁ ﬁﬁgﬁfvgener ator 302 and the

ransaucer as the substrate cleaning system

112398l A9 B g E R ey B8 oen e

methoW‘?)g)EPauBH@cd?ﬁﬂ{ie ¥OSpekbation 428! GebpetHidrod®, hlkafied, éi’cbﬁdﬂﬁ@ correction
ply voltage. In one enbodi nent the desire atiois

s1gna1abomtput4ﬁrdmalmjcqmaeatgpé®41¢el T8 tb yhea WOt 30630 @ divsthe fequency of

ak Vds, i out, e 6 nul ti
the VER i ignlofPae I athop SpfaGbiedntinde EinsiBioR 405 b he
correcﬁbﬂ%fgﬂm &h aH t RE#eqYdRy deHROVCO FB26ighdl 349@@5%@@? or lower
one odi ment” of "the present Invention.
ﬁeqwﬁbyaakhyumbnnected capaci tors 502, 504 are coupled
across the drain D and source S of the anplifier 320.
[92] ATHE aelsredfid &F thODT aplyvdagatd tb psak Wy, Balepeaidaat upon the

504. In operation, capacitor 502 couples the ﬁlgak Vds
particeffr walogs of e earionis epRIPORERE mﬁh@EFFaFn@ra@h 892 ared ;S%?@P%‘Pr 332

R e 0 G R MR Y e
substxﬁﬂ@p:lléafnin%rs%'é’tgﬁ 2001 F ¥ 206 abaRl. Un@he bﬂ@o@m&lﬁt s desived ratio is

coupl es t eak Vds to the conparator device 340 via
withint imnge akabmmﬂeo mboiat|6: 1,Whez0 the/pe7k ¥Y3gs a larger voltage than the DC

o RO b S bR S ol By v
3.6:1 RRBME the/ n@i o isbRCdal B2dout 13.8GaatHRE @né’DCf‘suﬁﬁl? voltage.

enbodi the present invention. Wen the

[93] dg? { %ggéﬁ GRtid %pc\gkaa'% t8 lﬁ%ﬁﬁ Ws deh%@?or@@@lfn Yok @B€e with one

0€s no tage because
embodif@heof e Iptdsthtenwntibag Seﬂﬁll}p:oﬁiﬁé@éd&cdphﬁtc&mﬁm f50drar8@fitpled

aCI‘OSSVg]lS rc]hatnllq ]e) %mlohzcg eSrof the amplifier 320. A diode 506 is coupled in parallel with
capacitor 504. In operation, capacitor 502 couples the peak Vs of each cycle of the
amplified RF signal to capacitor 504. Capacitor 504 stores the peak Vs for each cycle of the
amplified RF signal that is output from the amplifier 320. Diode 506 captures the peak Vs

and couples the peak Vs to the comparator device 340 via the peak Vs terminal.



stops conducting, then the current stored in the
i nductors and capacitors of the RF generator 302 and
wo oad/oTesswor k 330 i s di scharged, resulting i n BCwOk10ag@t1226

wavef orm 552, 554, 556 as detected by the peak

vol tage detector 326. The anplifier 320 is designed

such that as the voltage &fross the anplifier 320

(Vds) drops to zero, the anplifier 320 begins to

conduct thus creating a tuned anplification circuit.
[94] THRyukd!HBUs aBedphf 350 vaReforis of theipsalatdlege QVdsb)yleiact}td by the peak

changes in resonance of the transducer 332 (e.g. %Nh
voltagmi@aeﬁﬁaﬁﬁz@,fmtah@rémgw@t@emw@% jofy the Rr@setlh@ventwn en
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voltage Pecaudb &idré 1R QS O61@H36 Arop Ateose MM Arhplefier320. lich tAS amplifier
wel |l tuned class-E anplifier and the waveform 554
stops eansyeting, Virearthe edrrans sioreshio dhe inductorsand ¢apasitond theyRE generator

h
302 o frigk A S BafsenaiiBacer i i olbs FE 05Raz2, 33k, 256 =
detectlé@ b¢ QSﬁa%r&te%{(ﬁ@QG Ethe Qﬁﬁgﬁﬁéﬂ’@dﬁs défgnelin@ch that as the

det une | ass net wor k 30 results |n ei t her
voltagwawm‘ssthm @ﬁﬂlfmr 3B%6V dshavps@ 781, e anaplifiay 320 dhgips &k conduct thus

ey T ol R BE e SRRk TGP oy

changb reﬁchﬁné@@}{ihé’ ﬁhﬁsﬁgger BYds),, | gy Aol theddubbiifte 202 relative
resonance of the transducer d the peak Vds

to the ¢anpiwced332), whieh amppfléatet] mttghahe hxad ma@@rh 330 o change the

detecttaq‘is on onaé%é 5;5[4 ?%z %ﬁﬁ l1r£ glieggrtlalng% Elgﬁl%r on na}ssa Well tuned
class-f\%ifﬂ Fer Bid QERRNEIPH 554 Q)%cﬁ@t Whe'n%fﬁ@@éﬁan@e %hé)@{ﬁksducer 332 can

age as conpared to the DC bias voltage fromthe DC
have githeecapacipivt pr indoctivestadtacte resuftemkin addes @lpacabw t)r mductlve

i U e R oS i e A
330 szﬁ?é)ﬂxtaenfﬁﬁr W[l%&l)rnll: 5831568548, h§v1ﬂ% mtl?é}l& tdb ﬁ%‘hg{é‘ﬁgfvol@a&e V1 or too

uni ng gener at or "syst 600 acc one
low peskbasliage®3. of the present invention. A phase Pl of the
vol tage of the RF signal 310 output fromthe VCO 306

[95] | Thﬁ&iﬁﬂ%&ﬁ%ﬁl&t%cﬁf@ﬂ%aﬁaléﬁfontﬂﬂ ﬁaé’lﬂieh@élﬁldlﬁaﬁtheyl)bﬂ@Mtage
to

transducer 332. If the voltage phases P
(Vgs) B2 fdoctmmt ofith¢ rhpnance of the étahsshice] 3pRadndithe pgalyl Y gompered to the

RTINS IME NN SIS L oK A

gener:litl?m%ﬂgﬁﬂe TRk Qian%lg 19%& Sal Y %éﬂépﬁopfhel%ﬁtl&ﬁ%bﬂi DN peak
known in the art. 4/ 071938 PCT/ US2003/ 041226

voltagzlasghaperedat dretldE bﬁﬁ4/oltagﬂ fndmghtt e pqmtsBPIﬂE,BJr reg@ed, a peak

Var o L TR BB DE TRy 3
Uansd%gyﬂgﬁ%rlﬁﬂ?kwalﬁg that can scale the detected signals

ase P1 and phase P2) to a level useable by the
[96] prﬁ%&re 6 is a block diagram of an auto-tuning RF generator system 600 according to

one embodiment of the present invention. A phase P1 of the voltage of the RF signal 310
output from the VCO 306 is compared to a phase P2 of the voltage of the input to the
transducer 332. If the voltage phases P1 and P2 do not match, a correction signal is applied
to the frequency control input of the VCO 306. The RF generator system 600 includes an RF
generator 602. The RF generator 602 can be any type of RF generator known in the art. A



detector 604. The phase detector 604 can be any type
of phase detector known in the art that can detect
ware4oopar e t he phases of the respective i npuPCT/OB1088/@41226
signals. Prior art phase detectors conpared the
phases of the voltage and current of the output RF
signal 220. Testing has sfwn that conparing the
vol t age phases P1 and P2 can be acconplished nore
sinply and easily and provide the needed signal for
phase déljetidt 604 irfchfleY D 3HAtsHO6066H. IMTHeyfirs{ $hdl] seCor@lihputé 606, 608 can
flowchart of the nethod operations of the auto-tunin

also inpfudgapwmesti v scaling eiggits 090.L12de 8 gltegs dvidengivarks fhat can

oo B oL ASCRERATD o AR P Qoo RRL 8L B 00yl
detect@CO®Y, Ly pHate dabtot 60 03 be gﬁ? &/palof ph &R UedRrkhb® s iff bR art that

i nput RF signal 310 and coupl es the anplified RF
can de$¢cy aad cmpare the phigsestof dresigspastvaaput yagige signalse Paior it phase

710, the first in 606 coupl es felf St (P1),,af
detectfigopiphfeghé hase Bt VOl A <G o oo PHARE vlpbdrel
Testin3®s koW aPEGH HRE{ltagh Phaseh P1@REPAIChRBe 4ddonigh8hed more

. _second input 608 couples a second phase (PZ% of the
simply aiid eagidy ehd preyidsi thmageded pignalifor adjestingdhes ¥ (€LP0@32ordirgly.

t he phase detector 604. [99] In operation 720, the
[97] phasee 7t efidwehatiosfithe esthod aperalRdnsofdthe hasauidg RF generator

determine if the phase Pl nmatches phase P2. Figures

systeng Q‘O%@C@Fﬂj% bt srrambediment o tl@,&gﬁﬁgp‘égwgmquq dn operation 705, an
input iviMP'ts%‘anﬁ‘ﬁﬂﬁg% &Hée W%Qdoi? %@&?ed% tfi’e?ﬁF Iofnerhidr 865 Qx'lf«ﬂf?x@ ®

one e I ment presen i-nventl on.
generdto10602eandplified thpinpBORE sigass3 [0kadeonliled thadsplified ®RFRZgnal 220 to
(e.qg., phase P1 peaks at time T1l and phase P2 peaks
thetfa&ﬁdlﬁe%ﬂg%equent time T2). This indicates that the
i npedance of the transducer 332 is not natched and
[98] t hedperdtoont 718 tetforstrinBB8 506 soaplpd ¥ firsy phasedP 1 eaftthel velitageaif the RF

cent DS TGRSR E lgh iR B e
input WI_P%S atél_ic_ d ﬁas@ﬁ@g Bf‘ﬂﬁ%oﬁ%&ﬁ(ﬁsfhé sighal3nSHie %ﬁ%‘éducer 332

I's 1ndi cates that e I npedance of the
to the phasesidtecenr 6882 i s not matched and that the transducer
332 is again applying a reflected signal 222 into the

[99] R GRILIGH TR0, B phasttdcedricBfipafés phasead 1 Midiphidie PYtd dermine if

transducer 332 can _be constructively or destructively
the phaset R matchegphdse B2+ FigusisfitaBCobow graphs ofthreeemples of the

. generat or 602. 2004/ 071938 . PCT/ US2003/ 041226
rlaticf5] Oret BE° BEAMGY 2yih Seat R M B o apept offhgypresent
inventich. Hﬁﬁ%&r@ BA( 8raph 800 Shdwv &PPlcadbPhaseiPasE. gF,’%)h@&qkl Pdaks at

time TiJ. This indicates that the inpedance of the

time Ttlrandgdhasel?2 ks iaba suhaequicatitime d'2).hEhis imdicatessthaidbe enp@Bace of
the tranSaudSr 35P°R bt BBy e Bl RS Bn Sl {9 pIiAg 2 Roftected signal
222 into the RF generator 602.
[100] In Figure 8B, graph 820 shows phase P1 lags phase P2 (e.g., phase P2 peaks at time
T1 and phase P1 peaks at a subsequent time T2). This indicates that the impedance of the
transducer 332 is not matched and that the transducer 332 is again applying a reflected signal

222 into the RF generator 602. The reflected signal output by the transducer 332 can be
constructively or destructively interfering with the signal output from the RF generator 602.



generator 602. [102] If, in operation 720, phase P1
and phase P2 are equal, then the nethod operations
w@oemtiorness (repeat) at operation 705. If, howevRCT/UB2003/041226

operation 720 phase P1 and phase P2 are not equal,

then the nmethod operations continue in operation 730.

In operation 730, an apprd¥iate control signal is

applied to the frequency control input of the VCO 306

to adjust the frequency of the RF signal 310

[101] a&€ Bigdien®ITC yaraptngsd MWE%HSECP loip eqwadl it® phase(BZt(brgu ®oth phase P1 and

epeat) at operation 705. The caontr ol g_nal appl i ed

phasegP@ Reak at timg Jéarcyh@omlms thatghe irapedapes Qféb? gesdugelp32 is
J e

matcht%g aﬁé 'ci:hg% Q% tl;arn":s‘ g?ﬁéz fsﬁlgg%(;%ﬁg Fm af L gtﬁg giénbgnfoetﬁg i
generfibf 6gnat i vel y the control signal applied to the

frequency control input of the VCO 306 can adjust the

f f t
[102] gﬁﬁg@éhg%mm Z'r@)e bﬁ%ﬁﬁ E& eahg %H&‘égg? dFr)ﬁ ggtga?,gg%fhe Iﬁ’ﬁtﬁod operations
contiragt(teptath atrrg)eRFﬁogéiﬁ)ér i, bowevwestiampédios 20 phase AlrepidiphieseaP? are

t.rol lifier 620 that can scal he contr.ol
not eqial ien thE O RPeAHEN FRRSBURIER CRFBIONGHY. 1 OPFBE7i%ap

approéf&%? ?{)nthﬂvs%lgl Rﬁﬂ{kfs {o%he frPrgl NG i inp ?oF@l@tV@b 306 to adjust

ier 0 Tncllde & set p I nput so
the frécjmencymfrthe BIF sigmal B10 &rcoﬁﬁﬁgly,amdd:hﬁmnethedtoberasems qumitinte (repeat)
i nput_and the control signal input fromth

at opesRBH(Br TheFopRPLSiREh AR ta/the mﬂugﬁlcgr%ntrgﬁmﬁfgﬁ?ﬁﬁ%"co 306
can a4 4 leh 08y b lbn A DA DU RORLAGH R, gt

leads pﬁasHEPQ tAlerseivebt € coagdl sigriahbhpplied @4 fheTinzyusyst emrohinghut of the

hods described in Figures 3 through 8C above can
VvCo 596 ermtdivsthgfrequeney torelOREr Heqienay Brigspamse tospeongdition where

phase‘ﬁﬁ%g“}%geﬁﬁ”ec“ on rate (e.g., at each cycle of the

signal 310 can cause a subsequent correction

oA S 8L LS el 219 800 el i o
that CM‘ Ie tﬁgc&‘ltﬁﬁ%i n%ﬂ&ltglﬁrb Re pltRE H@&Et%%ozt £ th8 ¥8#t Bignal level to

times durin ch revo uti on of the substrate
contrdl@}i’e ‘dﬁ‘ﬂ) 3@ T legonprobarinpliifitgy 680 chn alve enghudec ssépainhinpot so the

ustic ener y 214 ap lied,to the sub r at
controi@zﬁplflfbg? REYPIBY g’é%ﬁ‘rﬁﬂ"&l Py | eGRtio} Sigpal gt from the

i
phaseg%g%atg)ﬁ.eT}f:@tlSI gﬁ% Rb%(bIRSIe% ﬂal@?@ %ﬂlﬁé @%O‘P&f by ﬁl‘é%&wnt and
then the esiumid signalf ovtpre bl?l%hcsplgasaﬂethtGr mmmmo@m adj@st the selected
PCT/ US2003/ 041226 23 be adj usted about one mllion
set poifitnes per second (i.e., once per nicrosecond) during
each rotation of the substrate 202. This increased
[104] c dhe systero$ andvmethods deschbehiarftigurad 3 thrpugh 8@ abevet ¢aa automatically

tune the RF generators 302, 602 at a very high correction rate (e.g., at each cycle of the input
RF signal 310 can cause a subsequent correction in the frequency of the RF signal 310 and
the output RF signal 220). As a result, the frequency of the input RF signal 310 can be
corrected, for example, multiple times during each revolution of the substrate 202 and
thereby providing much more precise control of the acoustic energy 214 applied to the

substrate 202.

[105] By way of example, if the substrate 202 is being rotated 60 RPM (i.e. 1 revolution per
second) and the RF signal 310 is about 1 MHz, then the frequency of the RF signal 310 can



substrate 202 nmeans that the average energy can be
very close to the mninmumenergy valley and the
woreoosimysener gy peak of the emtted energy 214PCT/US2003/041226
Therefore a higher average energy can be applied to
the substrate 202, which thereby allows a
significantly reduced cl ea®3ng process tinme and
i mproved cl eaning effectiveness. [106] Figure 9 is a
bl ock di agram of an auto-tuning RF generator system
be adj86t6d alssir b Agllion tingssgeesdeond (irRNtonoé péraicpssesard) during each
i nvention. The s&st emincludes a VCO 306, that i

rotatiQnRfshespbsate 202 dhistinereassd comire) Of g}eaatcgpstmerg«l 214 applied to the

s B2 P PO BBt A EOURLER Ty v

and thg @ileiRterenefyaak of thetdhgtidderergyzid. AHerefbreanhighe avVeiage energy
306. The output of the RF generator 602 js coupled to
can be gpplied g sakstraga202, whiditherehypaliaws prigpificanptly wducedicleaning

s BRI 00 TS, |1

0 B B S0 220 S LELLECL o ohpver
one elg iR of (RY! gfés&gqﬁvénﬁoﬁ.h'?he lehP@g1Rbs A Ve dBo6 'tlﬂﬁ‘ &l coupled to

I's mai ntalned as a constant voltage, then t
an inpatpf art RE gendratoh602.eAi viatielle B(epayer 3ifply PP us cdupdrrd tollee RF

transducer 332 is substantially constant. lztgruflt R%r \
genergtgy G2An4 Hﬁ@VI@ﬁ%DQCH(’t“é?ﬁ fordhe RE gepgraor fhamphiyghe Rigignal 310
o BE3CRe, HEbaple e ESERRRLINOR Y i bl 2
1107 1 ek g pHteSupied PlreBB e tons BigpS of G infiy's dpstant
net pofwie? Wiuetd the ftrahilﬁlc&'% le Oflﬁﬁvﬁfd POer OF RENGoall D0 leddiefRcted

F generator system 900, in accordance W th one
powelewfaeﬂle:quﬂ:lgmﬂﬂ 20Pe 'ﬁrres@ﬁXpsnmemlatlmn it has hepe feuniddhat if the

volash 0 i R S RSB S e B S e e b e of e
emittdr 'ag xggzﬂ B0t RBEHRHE thRdbie 389 ?{‘%H&ﬁﬁalﬁf’c?on'sénfmﬂﬁﬂ{eﬁd

upled"to a conparator 904. [109] "I n operation
malntﬁlﬁil'@ th¢ heltagemyb dreaRBsi gﬁéMZZOcatrp aomartt fhevels detomg the ehergh¢hreshold

limit éég trgtthldég);rth)ppctg g}oetn;él siratg §ro & a% g&{lj}glg\%éo:aglggliqlgsa maximum
acous{*;f&1 E’I‘?ér § 914 {¥be étjp?)ﬁb& &Hns SlbsBaleMoovol t age, the method

era |ons contrnue at operatl on 1010. Alternatively,

o5, b RLA A e AR 0 5} B
systerd 986-in \A\Qo%@agﬂ:é it eﬁgUdM QB {Hpteslhit 1ngrént[oh1(ﬂl obération 1005,

operation 1030, the conparator 904 outputs a control
the RB ggrmaton 6020w puts ao RE signai toothe trapsslugen332b e operapomdd10, a

voltagegﬁ ?Q%Rﬁ s%a](%l_tﬁl@{o ?he {Fans cer 3Si 1fs ntqeha%ur% coupcie& &%

comparator 904.

[109] In operation 1015, the comparator 904 compares the voltage of the RF signal output
from the RF generator 602 to a desired set point voltage. If the output voltage is equal to the
desired set point voltage, the method operations continue at operation 1010. Alternatively, if
the output voltage is not equal to the set point voltage, the method operations continue in

operation 1030.



greater than the desired set point voltage), then the
control signal wll reduce the DC voltage output from
wo b@4warsabl e DC power supply 902 thereby redurtCTySions041226
gain of the anplification that occurs within the RF
generator 602, thereby reducing the anplitude of the
RF signal output by the RR4generator 602.
Proportional, differential and integral controls can
al so be included in the conparator 904 so that the
[110] I Bi Spe2atidbnaA0B0)the 0bmphrated©04 bulphts accontrobdigsdl gmalconteainput on
be sel ect ed. [11(]9] A scaling circuit 906 can _al so be_ . )
the variplle ifepower sypBlyd0Rh By el gxamplepiitth PRI YRltageis too high (ie.,

greateg a5 E%It (%{Sir%? %ert] g)ﬁm? glgﬁ%%; tgéjnr tZl;c( g%ﬁh&el?éi g‘ﬁ[gﬂgﬁg geg]!.l{:%télte% voltage

outputCfréré Whed vaHableddq pooal suppl 08D tHefdby sddubialy thogdin f feramplification
conparison to a 5 V set point signal. The scalin

that oesiurscwithinglosRE gangrator 60 theroly teducing fheiamplitudmef the gﬁ shgpal

i reuit. 906 ca al,so incl ude [ Y r [
oupf LB R S AR bhd L RS o oo
includd8 e cBmpafitbd 902 s8 th¥e thelatedfd auntONghahgSHINthe QolrdDsignal
set point signal. [112] As described above the nethods

can bajsstectadbed in Figures 3 through 8C above can
automatically tune the RF generators 302, 602 at a
[111] v &r scakn ircuira06cah alsobetinclided. tg scalotheeroftege autphitefinom the RF

cycles of the RF signal 310). Conversely, .the system
genergipoGRaioRdaved saue paly comparegip g sst P%ﬂ@lgwlcgﬂ “é%’s‘lic exanple,

the sc@ﬁ%ﬂ?ﬁ%}@?k lo¥n be4 E&fVRfF ﬁgﬂzﬁgéujqf fcggén}l%ﬁ%?:c?f to% 5 V set point

ower rate than a escri gures 3

signall MheyedlingGideutit 996 tasiniclude hasltage dibiaer. t Tiee dcakirg yircuit 906 can
changes in inpedance of the transducer 332 dutg1 to the

also ingudegrroeifiariie rastiby the apliagrot RErvignal 220 awtpih fromeiba &l generator
602 told eﬁg%\hqt%g%fcir%gﬂggxg{o%sto% 15,0} get:y%ilgéi f.TEV\’h at sl ower due

eresi’'s inclu I'n the variable DC

3 AR et BB AR v o
autonfrir\gtgﬁiaﬁgﬁé B8 RbLRrRAE 308, 00T £ a%:rhyt}ﬁgh SN ed BiGR raB ‘é.eﬁé, once per a

described 1n Figures 3 through 8C above.
few cyileshof thdRF sigahledn(an Comedrbadyl thesystenbant] mathed glesaibed imKigures 9

o 1 B S 8 et B S0 ) e
descﬁgéc?ﬂlsﬁglglgg 3 thiton P{‘@Clb%é%l%till?é(s‘fér%éﬁlatgg ﬁkgl?tcﬂgﬁjg%s in irrépetdgnce of

escri 1 Firgures through 8 ove Can be use
the trapsduteti83 Y dug/to the nwtionof thelsubsichtea2{)2u SEheeystenf antdmeethod described

in Figgfes g 0gb B W SREHeL B0iT v e BF RHEES el dgH gt the Variable
DC pARBIT 2 Can ‘b’ o megasoni ¢ VIO 20041071938

119 R RS i S A5 R s
with one or more of the systems and methods described in Figures 3 through 8C above. As
such, the system and method described in Figures 9 and 10 can used to provide a very broad
range of tuning the RF generator to the dynamic resonance of the transducer 332, while the
systems and methods described in Figures 3 through 8C above can be used to provide very

fine control and adjustment of the tuning the RF generator.

[114] Figure 11 is a diagram of a megasonic module 1100 in accordance with one

embodiment of the present invention. The megasonic module 1100 can be a megasonic



10/ 259, 023, entitled "Megasoni c Substrate Processing
Modul e" which was filed on Septenber 26, 2002, which
WO gooumTiespor at ed by reference herein, in its ePtT/D81093/041226
for all purposes. [115] The megasoni ¢ nodul e 1100
i ncludes a substrate processing tank 1102 (hereinafter
referred to as tank 1102), 2ind a tank |id 1104
(hereinafter referred to as Iid 1104). Alid
megasoni ¢ transducer 1108 and a tank negasonic
modulel aurhadid @@he hifR6iabdesciiingi it icon@tbnbnowneatl WH) PateanApplication
tank 1102, respectively, and provjde npgasqoni c energy
107259 923 inftled SMeetsoniy SPsksite EravgtsingMaduley & higvas filed o
i .ace . r . A.. S 0
Sepueit6i3, P HIAFR ifor Sty afbfopie Btein iyl ol b
purpoBési tion with substrate stabilizing arm wheel 1114. In
one enbodi nent, the substrate stabilizing arm wheel
(11511 kg niega&ﬁ’ﬁd hb@NEY 16 {inides #&iBiRhRprdckséing &A% 1302 (hereinafter
positioning rod 1122 to open and close the stabilizing
referred ol ashak 1102),4ntl @ tardcled VH)4 (heemafter refarcedrtelasdidd 184). A lid

substrate 1110 to, be processed in.the asoni ¢. nodul
megasppeiTanpHeser &}%08 otk megasoRsransdiRey 11055 PBEJ‘&H“%‘F G fid 1104
o R PSR A ST RNy rcesin
an activeraidrashaskside amtacy of Abubstraetliliel Y substratahkl0 b poRitioaed in drive

b d ith the lid 1104, [116] I
wheeléﬁ%ng?/agé ﬁ%cgr%wﬁa wlabprate ﬁf@b%iF’E?ﬂv%%‘é‘i"E@f"i ﬁl‘t- st one
emboﬁig&fn't %’{ g.ﬁgs{rﬁe §ﬁ?§{zﬁ1§ﬁﬂgﬂwﬁé@ P14 is$o0sbhed ith ]aé %ci(l)l\?\;co? 1120

rizon orren or processing, and to
and a posiabhiag raf 1122ubspemimd ddsehhe btabiditzigrareyioati b ®, receive,
substrate processing is perforned with substrate 1110 )
securq, gnd refease p sabstigra e beprocessed n the drgegsania mogdgle: HOp. Fhe lid

ery I suhs : t
1104 BEAEISH Bhe £ 05, Blen S R4 B AP a1 e vt show)
that réiécaint 1awg Lianmoahadk theliddk CHOD defninddeatidnafyl edteynatively the tank
spi nning wheel to allow for substrate 1110 rotation
1102 ogi beemevgsiiorpate yituthe id 44@4.1110 in  a hori zont al
orientation. [117] Once the substrate 1110 is placed
[116]i @n bheembodimedt) fybstrhte stabilkzidd &2/vhedlHd b4 is ¢dnfiguredith secure and

processing fluid jncl uding deionized (Dl ter, or .
suppofy SEEERF AGICHeHsogeh erTiatondar bicsne; ped ) foietation of
s ORI o UL bkd ool St wiy b 110

in a védiiealairientatiegabeive wheedd 43 cogadfa eupbé¢mbtdge bf $Gbstimte 1110 and
acconpl i shed by tank . negasonic transducer

110 .
rotateupHENG hblOrAiRg PRecCS RS r NPSHYS; ST REAY Phgd 1gf can include a
s [ t ' .
e YRRt e BRI BRI pSd Rl 1101

a horigB@assun@tioner gy agai nst the surface of substrate 1110
facing the lid negasonic transducer WO 2004/ 071938

[1171 PO HEOQB5PAd 22f0 is%faced in the tank 1102, the tank 1102 is then filled with
processing fluid including deionized (DI) water, or processing chemicals as desired. Once
the closed megasonic module 1100 is filled with desired processing fluid, and substrate 1110
is immersed therein, megasonic processing of substrate 1110 is accomplished by tank
megasonic transducer 1106 directing megasonic energy against the surface of substrate 1110
facing the tank megasonic transducer 1106, and by lid megasonic transducer 1108 directing

megasonic energy against the surface of substrate 1110 facing the lid megasonic transducer



1108. Wth substrate 1110 subnerged in processing
chem cals, drive wheels 1112 rotate substrate 1110 to
wepeyne9sonpl et e and uni f orm processi ng acr 0sSSPETIES2003/041226
entire surface of both the active and backsi de
surfaces of substrate 1110. In one enbodi nent, drive
motor 1116 is provided to #rive the drive wheels 1112
via a nechani cal coupling 1118 (e.g., drive belt,
gears, sprocket and chain, etc.). [118] An auto-tuning
1108. RWithenbstatot 1 ysibewrged inl @awesshrchemidaly drive whedld 1d b wetate
cag‘ékfg coupl ed to ong or. both of the lid transducer
substrgig fReRsyFRcamRlrie ane upifaripprogessingACTqsh the qutige afacg ef both
the actiV@BROBHC ﬁgiaf dhPRes 311%?.1% tﬁ 1§29 Stn?Hk le¥ntdBfnent, drive motor 1116 is
automatically tuned tor the dynamc 1 npedance of the
provideddpddve the drivarvaatalselld2 YidBmedibizabsouplieg UbS (d.a1 érive belt,
1110.i s rohat ed. [119] Figure 12 is a graph 1200 of
gears, SREOCKe AN whaINsF)but i on across the transducer in

accordance Wi th one enbodi ment of the present
[118] Apeanta-tming RF gemgyator systenwag desetiizedgn iFigures 3-10 @heyeygan be

{ nd 12 d 2 t O: [
coupldf Rk of POt e 8 eyt L 1R e e Bee Lo,
respecti ZraR&fud6i8N 108! MO6 heelSbndfaftl ¢ b/ futdrddifcallPitiiRl fhhhe dynamic
energy w ndow 1202 is nuch harrower, thén the energy

impedanerdefthe raspéndi ve liahsdudens J\a8,d 106 as the stibsttate 11 ¥his ropyited.
threshold T of the substrate and thereby provide a
[119] mBig@reet T Bot griygh BROUSTIthE ety diytribaliedidrog the aafSRicer in
éﬁéZO] _As used herein in connection with the . _
accordpase withone gmbpdipeat phije prosewt, inyankione Iheomapaison withehp prior art

9 X t hrase ' t 250" .
e R 9 PG 28 A B8RP Pl oy e
much hitfrb e endfy gtk 4202 Badvebh GulvBIRI0Sd QiFSe 121, €586 @6 energy
by the operations in Figures 4, 7 and 10 are not

windave til)2rie shuch npwoyser, thenrthelenengyt Windowdan bielshiftedrugmad] claset to the
enerey, (665131 ot 8 BB TPy B DR R o Ry SRS e ey

cleaniﬁ‘ébﬂfé%h the foregoing invention has been described in
some detail for purposes of clarity of understanding,

[120] 'm%\a :UH,& héi‘&nqﬁ’ Qﬁ{rfe@{i)oeﬁ Q/ﬂh tﬁeeéés&gﬂ%a%rtﬁ?%@@ﬁéﬁgon he term "about"

{
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[121] Although the foregoing invention has been described in some detail for purposes of
clarity of understanding, it will be apparent that certain changes and modifications may be
practiced within the scope of the appended claims. Accordingly, the present embodiments
are to be considered as illustrative and not restrictive, and the invention is not to be limited to
the details given herein, but may be modified within the scope and equivalents of the
appended claims.

What is claimed is:



1. A nethod of dynamcally adjusting a RF generator to
an i nstantaneous resonant frequency of a transducer
w@oimnT®Bg: i nputting a RF input signal from BET/US2003/041226

oscillator the RF generator; neasuring a first phase
of an input voltage of the RF input signal; neasuring
a second phase of a voltage&7f the RF signal output
fromthe RF generator and coupled to a transducer

i nput; producing a frequency control signal when the
first phase is not equal tE]4hR second phase; and
applying the frequency control signal to a frequency
control input of the oscillator. 2. The method of

claim11, wherein agg 5 g the frequency control signal
1. ¢4 method ploguramaigalloAdiusing ApRE SSRCTRIGE tesdl HISEANEHEOUs resonant

frequéél@g fgggn%l?lgg%cgb&%ﬁ ge frequency control signal .WIth

pol con ignal. 3. The nethod of claim1,

Wiplueting PRB shput BignalTeorh b asENayr G6RE @nesit@hal when
the first phase is not equal to the second phase

| FeRtigiag:a first phiqse off asinpphvepdiags afjibe Memn@tcs@gm jphase the

}t%‘e e EOd p‘ilaigé{)ﬁag a('?lt de%{f gﬁzﬁi“t 05 ou 1 ou uggr%%{;@é ﬁ%{ generator

andcdﬂpmjecotah@nﬁd@ampﬁy control signal increases the
eg ency of the oscillator; and if the first phase is

cing atffequensysratrplrgnal when thedifserhase isoot equal & theskcond
haseﬁ@s not change the frequency of the oscillator. 4.
p met hod of claim11, wherein the first phase and the
S 861 ¥isl o PR € uBh Sy éﬂhﬁ‘éy&gﬂal t@ﬁ@rehtﬂ&c CBASING tQﬂ"ﬂH@dcﬂlator
signal is produced for each cycle of the R i nput
SI gnal . 5. A transducer RF source conprising: an

il fre ncy control in and an RF
2. oXfhmeRsos s BrhT SBSY ety SRR B4
frequeR'E:y BRI dput of'@¥iBETIARY (HeRides G&H&hﬁ{é th® fﬂeﬁ‘@en%? %bﬁtkéltsfgnal
si gnal ‘out put and an RF generator output coupled
with atset pdint contmobslgeadr ; a vol t age phase detector including:
a first phase input coupled to the RF signal output of
the oscillator; a second phase input coupled to the

3. REhIRRAARTIRHU 1P WheredDfroducing the frequency control signal when the first

phase is not equal to the second phase includes:

if the first phase lags the second phase the frequency control signal decreases the
frequency of the oscillator;

if the first phase leads the second phase the frequency control signal increases the
frequency of the oscillator; and

if the first phase is equal to the second phase the frequency control signal does not

change the frequency of the oscillator.

4. The method of claim 1, wherein the first phase and the second phase are measured

and the frequency control signal is produced for each cycle of the RF input signal.

5. A transducer RF source comprising:

an oscillator having a frequency control input and an RF signal output;



a frequency control signal output coupled to the
oscillator frequency control voltage input. 6. The
wo e@astheser RF source of claimb5, wherein the PCEUSINTY1226

control signal output is coupled to the oscillator
frequency control input through a control anplifier.

7. The transducer RF source&8of claim6, wherein the
control anplifier includes: a first input coupled to

the frequency control signal output; a second input

c et RIFagéntOitct hadlhg pRingut couplédio the gsuallatorRB sigaal autpyiund an RF
coupled to the oscillator frequency control input. 8.
generatpioutputroypled to e teBsduset;of claim 5, wherein the

Ehgﬁg%#ﬁﬁéséiﬁéﬂﬁhﬁaﬁ.nin a megasoni c cl eaning

ransdu€er RF source conprising: a

vol t aga fEphasd inpet ceeplel tatheRE MR obgut BPithe okcitlaioency
control vol ta%e I nput and an output; a class-E RF

gener agsrcdndinaty iaputicapied évthsIRetEIETAOVRYS Bt put
d 5 tor .
navi ng * g Rprhsuh BibuCERleRds It el f RIS comro

voltagefputdi ng: a first phase input coupled to the output
of the VCO a second phase input coupled to the RF
generator output; and a voltage control signal output

6 AR P RS B N8 R cos
coupléd¥@ tHEl8Scillfof frédtiendy ditrof Riph! BFbucA alddRtr¥PAhFeReercont r ol

signal output; “a second input coupled to a set point
control signal; and WO 2004/071938 PCT/ US2003/ 041226

7. oonE stk RERL e St hawior deeRE P iR ks
CQTREH idpt ToupB@ to/ihB Grefierdy coAtdNBlgndf o@pht; equency f to

a transducer, the transduCer being oriented toward
t heecmidsnpuiceusled to 4 sehpoinheortradnigdalcend emi t s an

acousti c ener t ot frequency f toward the
5 b Srinar s B oxd Fucn BERT obral RO o' ¢ e
transducer; dynamcally adjusting the RF signal to

mai ntai n a resonance of the acoustic energy.
8. The transducer RF source of claim 5, wherein the transducer is included in a

megasonic cleaning chamber.

9. The transducer RF source comprising:
a voltage controlled oscillator (VCO) having a frequency control voltage input and an
output;
a class-E RF generator having an input coupled to the VCO output and an RF
generator output coupled to the transducer having a varying impedance;
a voltage phase detector including:
a first phase input coupled to the output of the VCO;
a second phase input coupled to the RF generator output; and
a voltage control signal output coupled to the VCO frequency control voltage
input through a control amplifier, the control amplifier includes:
a first input coupled to the voltage control signal output;

a second input coupled to a set point control signal; and



11. The method of claim 10, wherein dynam cally
adjusting the RF signal to maintain the resonance of
W0 b@4@atoesti ¢ energy i ncludes mai ntai ning a coPGT/ER1003/041226
voltage of the RF signal applied to the transducer.
12. The nethod of claim 10, wherein an RF generator
applies the RF signal to t®® transducer and
mai nt ai ni ng a constant voltage of the RF signal
applied to the transducer includes: nmeasuring a first
vol t age of wheufpht dupldlto tieOVReX frdifichdiecdntiob Vol iRfie.
to a desired set point voltage; and inputting a
control signal to a variable DC power supply so as to
aqj us n.out put  voltage of. the variable DC power
10 SRAEhod Br QU RRE a sV SR g por v suppl ying DO
pgﬁiﬁ{/ingfaﬁ RiNGehit 20211841206y f toladtrank@ceiBrthd @éngfuc&d tRidp oriented
10,” wherein dynam cally adjusting the RF signal to
towardyghiersubstrate sush thas dmtmansduast emife an gequstic enesgy pigthe frequency f
to ‘i cl ugéats dynam cally adjusting a frequency f of the RF
war Bﬁﬁ& ?JI ied to the transducer. 14. The nethod of
ChivigkBe siMGaRIrBlatitetofthe Bhikaaterl S applied by an RF
generator and dynam cally adjusting the frequency f
oflyntaimacaRy aijuptiap thepRF sigualtto mairgainraansehaves ofi the hemlstic energy.
nmeasuring a supply voltage applied to the RF
generator; measuring a peak voltage across an out put
11.  2TRé hettld JrRedimd@d whreld W nEmi Q@) AuREEhg AR 0 A3 Rain the
PCT/ US2003/ 041226 30 produci ng”a Trequency contr ol
resonagicg nfithesheustic leeenge aicludel magdainmgrotoneguayoltage af the RF signal
. Selected .ratio of the supply voltage; and applying
applleaﬁ%ﬁ?ertﬁaﬁ'é@ﬁﬂ/ control signal to a frequency control
i nput of an oscillator that generates the RF signal.
15. The nethod of claim 13, wherein the RF signal is
12. aph imethddyof @irilH Ogehereat ar RB geheratpnapplies theyR B dlignaltto the
the frequency f of the RF signal_applied to the
transdpges 4ad fredHtaing a eapstant Yolizge of thg Rebriggal pRplird teithmigpnsducer
includ%{;om an oscillator the RF generator and anplifying the
signal in the RF generator; neasuring a first phase
ofnecasuringpUirstalltagg ef the RifwegrfdF, | nput si gnal ; neasuring
a second phase of a voltage of the RF signal output
f sApare the-fige veltagedp a degfedsebpoipt ¥olgeddncy control

Sin%ﬂ&ingvﬁfk%%tr{)hsqglul A7) v%‘a%?eeD.bspo%E sﬁ‘;%f? ko Pt J(‘lﬁm? Sy 8ﬁ1tgut

voltage of the variable DC power supply, the variable DC power supply supplying DC power
to the RF generator.

13.  The method of claim 10, wherein dynamically adjusting the RF signal to maintain the
resonance of the acoustic energy includes dynamically adjusting a frequency f of the RF

signal applied to the transducer.

14.  The method of claim 13, wherein the RF signal is applied by an RF generator and
dynamically adjusting the frequency f of the RF signal applied to the transducer includes:
measuring a supply voltage applied to the RF generator;

measuring a peak voltage across an output amplifier inicluded in the RF generator;



phase; and applying the frequency control signal to a
frequency control input of the oscillator. 16. A
W@b@anirgs syst em conpri sing: a cl eani ng chanmbePCT/US2003/041226
including a transducer and a substrate, the transducer
being oriented toward the substrate, a variable
di stance d separating the t3lansducer and the
substrate; a dynam cal ly adjustable RF generator
havi ng an output coupled to the transducer; and a
f pedinainls adfrequandy coatipl sighal evhan deenieak ivoltagelit nof equiakto a selected
. adjustable RF generator. 17. The cl eani ng system of
ratio of|thg $HPPE), VOllRERA™d t he substrate can be rotated and

G585 B 0 L SN oYL e
that gerithaey the ®RH signadt at ed. 18. The cl eaning system of claim

16, wherein the dynam cally adjustabl e RF generator
i ncludes: a variable DC power supply having a control

i . . | . . . .
15, e b0 ety ML 5SS o B R i kpator and
dynangitalBadjudtinglihiesquetcy f 6fhe RO bspliedne thedtangduder includes:
first rnput coupled to a set point control signal; a.
s énpytiing anpRF inmwiy piigadl frosn emesqiiateiaifie Rét ganerforggd gepplifying the
.and. a.c rol signal output coupled to the control
RE sifpf g R sl

i ( ustable RF generator, the control

| RfedSurindCd fephade YO ﬁh?ﬁt woMABE of the RIUinparsifdg; vari abl e

DC power supply. 19. The cl eaning system of claim 18,

wirsasuring shecoydplhtise af # yoliage 96t sigpalguitiut dfopt the RE generator;

includes: an oscillator. having.,a control.signal -i t

o REpAUEsa ErayRaey conftp{hiendt Whem gt et Biass istionedia i i gecond
phase! #&hd he oscillator output; and a |oad network coupled

etween an output of the output anplifier and the
oappyingdhe frequenRFcepsrod sigharto adrequency control input of the oscillator.

16. A cleaning system comprising:

a cleaning chamber including a transducer and a substrate, the transducer being
oriented toward the substrate, a variable distance d separating the transducer and the
substrate;

a dynamically adjustable RF generator having an output coupled to the transducer;
and

a feedback circuit coupled to a control input of the adjustable RF generator.

17.  The cleaning system of claim 16, wherein the substrate can be rotated and wherein
the distance d varies about 2 wavelength of an RF signal output from the RF generator as the

substrate is rotated.

18.  The cleaning system of claim 16, wherein the dynamically adjustable RF generator
includes:
a variable DC power supply having a control input and a DC output coupled to the

RF generator; and



the feedback circuit includes: a peak voltage detector
coupl ed across the output anplifier; and a second
we@eeosparasor i ncluding: a third i nput coupl ed tRBCHIS2003/041226

out put of the variable DC power supply; a fourth
i nput coupled to an out put of the peak voltage
detector; and a second conpgHrator output coupled to
the control input of the adjustable RF generator, the
control input includes the oscillator control signa

the feédbadk cir@fit inthdesz| eani ng system of claim 18, wherein
the dynam cal |y adj ustable RF generator includes: an
oddirsticomparatenipelydiags r equency control input and an RF

si gnal : l:Jd-pput coupled to

t he osgi(}#lgtgp%l%tc Eﬁéﬁﬁ%&ggﬁggéﬂﬁﬁ‘c?“?ﬁe f eedback
circui & segsidifigst:coaplédtd thg REpjeasatdtdiecttpnt; and| udi ng:

a first phase i nﬁ)ut coupled to the RF signal output of
t he os@éicontelpvignal quipaieanglegriathe qonpal inpui g thejadjystable RF

eenerilon PRSRSF bRt 0l s AR i variaple pC pover

suppl@ut put coupled to the control input of the adjustable
RF generator, the control input includes the
oscillator frequency control voltage .input. 21. The

cleanj ng. syst.em of . ¢l gi,m 16.. wher.ei n .t dynan I
19. - ARRSIAE R R cpp s M e L b G ARG Rl gbnerator
inclu®Qur ce; an oscillator having a control signal input

and an RF signal output; an output anplifier coupled

t en oballagerhaving acomtal signal iaputaad an &Hwignal evtpyt:ed

bet ween an t put _of the out,put ifier and the

odt 8HTtpu6?mpﬁﬁ Cﬁﬂpgéﬁ% t°8?1ilgt5’58%ﬁlé apd o dback circuit

| RabadRSwork dRBled\HRIWRE An GaipRE bPihe GAH L BRpRAEOHY thd'8utput of

output anplifier; and a conparator circuit including:

the RE génerator;iangut coupl ed to the supply vol tage source; a

thefe%&%gggg{nﬂ llé%hl%gsl%pl ed to an out put of the peak voltage

a peak voltage detector coupled across the output amplifier; and
a second comparator including:
a third input coupled to an output of the variable DC power supply;
a fourth input coupled to an output of the peak voltage detector; and
a second comparator output coupled to the control input of the adjustable RF

generator, the control input includes the oscillator control signal input.

20.  The cleaning system of claim 18, wherein the dynamically adjustable RF generator
includes:
an oscillator having a frequency control input and an RF signal output; and
an RF generator input coupled to the oscillator RF signal output; and
the feedback circuit includes:
a voltage phase detector including:
a first phase input coupled to the RF signal output of the oscillator;

a second phase input coupled to the RF generator output; and



a conparat or output coupled to the control input of
t he adjustable RF generator, the control input
WO pahTiss t he oscil lator control signal input.PRRUSHN041226

cl eaning system of claim 16, wherein the dynam cally
adj ust abl e RF generator includes: an oscillator
having a frequency control 3put and an RF si gnal
out put; an RF generator input coupled to the
oscillator RF signal output; and the feedback circuit
I ncl udasgieqaentylcon@sl H5RAS Butfhi @upRA tb e déirdDinpat éf thé hdjustable
phase input coupled to the RF signal output of the

RF gepergiar) the epntrol anpys dahedes teesescillanudregensysantrol vakagermput.
generator output; and a frequency control signal
out put coupled to the control input of the adjustable

21. Rfhg @1&@1&1@1& @%rsterh RE At EOWhdrBiRUhe HfAUEAR z{dj\ﬁstable RF generator
oscil | ator frequency control voltage input. A

includesit hod of dynamical |y adjusting a RF generator to an
|nsta ous resonant frequency of a transducer
c8ﬁbﬁ‘ﬁ¥s¥ﬂ EW2604/ 071938 PCT/ US2003/ 041226 33
PaRYSHA6r mnfgca LS s an%utfah@%w&gﬁn bli@hgr to the
RF generator; ~ neasuring a supply voltage applied to
theompugmplnfaﬁr@puphéasthﬁlongllaopeupuwoI tage in the RF

erator; pro ng a frequency,control sjgnal en
© RISl rfRoRglet bethed ab qHibnt Sbing SuiebemBlfet aad hE Gyeput of
theRFEé‘ne%zH&%b{dVO' tage; and applying the frequency control

gnal to a frequency control input of the oscillator.
thefeéﬂbackrhecumnh]udesnf claim 23, neasuring the peak voltage

i ncl ydes neasuri ng the peak  voltag ross an out put
A ABRAT YRIRSF AEieciab Boumled #rEostha R HiaruiiicsandThe et hod
of, &R Rt Bir ME{C%#H he selected ratio of t he peak
vol t ge to tﬁe supp f‘ voltage is equal to a range of

bet ween fiadiangut Sotygled teathd segpdy volbagesodrce26.  An RF
generator conprisin a supply volta

osci | | atseﬁonﬁaws §OWP wledia arnocrut@}tgﬁ 5!16 peAb i tagtslegitogrand
I
san 1| AP PDMaior BB U AT boop O LERVEL BE shibslad® R

generfiott, fhetconfrol ﬂfnpulombmdés tihﬁ‘pkdlflatelf ccmmitl signaldhput  of

22.  The cleaning system of claim 16, wherein the dynamically adjustable RF generator
includes:
an oscillator having a frequency control input and an RF signal output;
an RF generator input coupled to the oscillator RF signal output; and
the feedback circuit includes:
a voltage phase detector including:
a first phase input coupled to the RF signal output of the oscillator;
a second phase input coupled to the RF generator output; and
a frequency control signal output coupled to the control input of the adjustable

RF generator, the control input includes the oscillator frequency control voltage input.

23. A method of dynamically adjusting a RF generator to an instantaneous resonant

frequency of a transducer comprising:



the RF generator; a peak voltage detector coupled
across the output anplifier; and a conparator circuit
WO p@kaiosg): a first input coupled to the suppl RCT/OB10a8/@41226
source; a second input coupled to an output of the
peak vol tage detector; and a conparator output
coupled to the oscillator &ntrol signal input. 27.
The RF generator of claim 26, wherein a control signal
is output fromthe conparator output when a supply
Vv ptdvadieg bt REGhp@Gikdlal fromansstitlatoe b thatiTogaieraomeak
vol tage output by the peak vaqltage detector. 28. An
RMegETEEA YIPPBOYAaEe ppRiied toythe RFDESPEIEPS age source; WO

2%%%%%2&?@6&%&%89%ﬂﬁ]ggf?e%tof‘d' a voltage controlled

0SCl ing a“contrdl voltage input and an

Oidiuting adfequeh@donBBPdiphdl @hef theppeall vohagdie nvEqual to a selected
out put; a class-E | oad network coupl ed between an

ratio Gflqenpphf valthgeidput anplifier and an output of the
RF t " .l t .
G Bhaystel Eafc! Qgh AR s ARRBEYeoRARE ATRERT oo

or-crrcuit rnclu
a first input coupled to the supply voltage source; a
second i nput cougled to an output of thgugeak vol t age

24. ddheaetirod of daimpdd, amespuring: thepeakoipbiaseiinchides meggugng the peak
control vol]tage Jj.nput ant r voltage i s output
voltage,aGHass AR OBJ(W‘E%PB{I@ ! ﬂ?@%ﬁn&%eeﬁﬁge%%%% 'y voltage is

not equal to about a 3.6 to 1 ratio to a peak voltage

out put by the peak voltage detector; and a transducer
25.  cdihpneathacboft HainRE3, gdweaimthsrselsategd watio ofthe pealetdligge &% the supply

mai ntai. ni ng a constant . npyt vol e t ransducer
voltagg s BTAL oy Teniag R Petet aboule ol ek fRBEb T ¢ 1 Sneducer
froman RF generator; neasuring a first voltage of the

RF signal; conparing the first voltage to a desired
26. setn RBignteratol tagpsisingid i nputting a control signal to a

vari ahl e ower supply so as to adjust an out put
v &ISUERE VBE%EE%’“FF&H abl e DC power supply, the variable

DGin RO¥RAtoP HRRY a SHRRIYE G iRpuRAWeh RF signal output;
an output amplifier coupled to the oscillator output;
a load network coupled between an output of the output amplifier and an output of
the RF generator;
a peak voltage detector coupled across the output amplifier; and
a comparator circuit including:
a first input coupled to the supply voltage source;
a second input coupled to an output of the peak voltage detector; and

a comparator output coupled to the oscillator control signal input.

27.  The RF generator of claim 26, wherein a control signal is output from the comparator
output when a supply voltage is not equal to a selected ratio of a peak voltage output by the

peak voltage detector.

28.  An RF generator comprising:

a supply voltage source;



to the RF generator. 30. The nethod of claim 29,

wherein the first voltage is a function of a inpedance
w@boolor1938 r ansducer and wherein the inpedance PET/UR®03/041226

transducer varies as a di stance between the

transducer and a target varies. 31. The nethod of

cl aim 29, wherein conparing4the first voltage to the

desired set point voltage includes determning a

control signal and wherein the control signal is about

egudlkage @onfroltid dseillate €VO e heeing avenfrol wiltag@irpagandaamdoutput;

the desired set point voltage. 32. A transducer RF

syupwipuicanpliics cagpledte tmvﬁg@‘ﬂtﬁﬁ%r havi ng an RF out put

c e 0 ' I ;

CEUPAE b3 Ay AR A AEDTOHES, i MO AR
outputiihéBFaes&ator0l i nput and a DC output coupled to the

RF generator; a conparator including: a first input

capgakerpliage detgetor grupled acenss the ouspw daIPlifig;second i nput
coupled to the RF agenerator RF output; and a control
S?’&%&ipa%{?{ﬁﬁfmggﬁﬁ%g&'to a voltage control input on

the vap 'tﬁ@&li@g@_@ouﬂl@d\wmémwéyvol&%e séurcs;ansducer RF
source conprising: a class-E RF glenerator havi n%] an RF
or;

out put a seapntl éeput coupled fopntoutut of thernegl ¥oliage detec

q ) . ; : .
DG powb FoRBHAI B0 R e ifie DI tiRT Ay Tl A
voltagg @%ﬂt@%’t fr&n kEconParA6N QA Hiend HBPRAORRSE isinde byl Rabout a

ar
. I nput coupled to a set point voltage source; a
3.6 to deatbmth 4 pealitvoltegmpdusputtty thérpeakivolfegedetedior; Bd out put ;

and a control, signal_..output coupled to a voltage
c6FPP%ﬂuc?rrf’é’EPlear’igﬂﬁﬁ%@@%ﬁ’r@”&m power suppl yg

29. A method of maintaining a constant input voltage to a transducer comprising:

applying an RF signal to the transducer from an RF generator;

measuring a first voltage of the RF signal;

comparing the first voltage to a desired set point voltage; and

inputting a control signal to a variable DC power supply so as to adjust an output
voltage of the variable DC power supply, the variable DC power supply supplying DC power
to the RF generator.

30. The method of claim 29, wherein the first voltage is a function of a impedance of the
transducer and wherein the impedance of the transducer varies as a distance between the

transducer and a target varies.

31.  The method of claim 29, wherein comparing the first voltage to the desired set point
voltage includes determining a control signal and wherein the control signal is about equal to

a difference between the first voltage and the desired set point voltage.

32. A transducer RF source comprising:

an RF generator having an RF output coupled to an input of the transducer;
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a variable DC power supply having a control input and a DC output coupled to the
RF generator;
a comparator including:
a first input coupled to a set point control signal;
a second input coupled to the RF generator RF output; and
a control signal output coupled to a voltage control input on the variable DC

power supply.

'33. A transducer RF source comprising:
a class-E RF generator having an RF output coupled to an input of the megasonic
transducer in a megasonic cleaning chamber;
a variable DC power supply having a control input and a DC output coupled to the
RF generator;
a comparator including:
a first input coupled to a set point voltage source;
a second input coupled to the RF generator RF output; and
a control signal output coupled to a voltage control input on the variable DC

power supply.



