| | MPROVED MEGASONI C CLEANI NG EFFI Cl ENCY USI NG AUTO TUNI NG OF AN RF
GENERATOR AT CONSTANT MAXI MUM EFFI Cl ENCY BACKGROUND OF THE | NVENTI ON 1.
Field of the Invention [11 The present invention relates generally to
systens and net hods of tuning an RF generator, and nore particularly, to
met hods and systens for automatically thning an RF generator for a
substrate cleaning system 2. Description of the Related Art [2[ The use of
acoustic energy is a highly advanced, non-contact, cleaning technology for
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systems (MOEMS), and the |i k§¢ARSMUMERFIFNINGEeY typically involves the
propagation of acoustic energy through a liquid mediumto renove particles
from and clean, a surface of a substrate. The negasonic energy is
typically propagated in a frequency range of about 700 kHz (0.7 Megahertz
(MHz)) to about 1.0 MHz, inclusive. The liquid mediumcan be deionized
wat er or any one or nore of several substrate cleaning chemcals and
conbi nati ons thereof. The propagation of acoustic energy through a liquid
medi um achi eves non-contact substrate cleaning chiefly through the
formati on and col | apse of Bd } Ll NVENTKHSes in the liquid
medium herein referred to as cavitation, mcrostream ng, and chem cal
reacti on enhancenent when chemcals are used as the liquid nediumthrough
i nproved MARSS fieRNENRRE InveRiopr ovi di ng activation energy to facilitate the
chem cal reactions. 2 [3] Figure IAis a diagramof a typical batch
substr at ejgl eamhdGesNSihmidR reldrésieherallPBol s§stans drRiinath&@W o@funidpainlyat ch
substrate cleaning system10. Atank | 1 1s filled with a cleanin

sol ution gBCRRMANEINIePHHPHEY, ehodyang srdemsiopattomsticaly BaHeRy ﬁem cal s.

A substra rekd £ dtte Q¥R LYm,a cassette of substrates, holds a batch
of substr%%g?‘%i t'o be ¢ %ane .bcﬁg or nore transducers 18A, 18B, 18C

generate the emtted acoustic energy 15 that is

2, Description of the Related Art

[2] The use of acoustic energy is a highly advanced, non-contact, cleaning technology 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.



propagat ed through the cleaning solution 16. The relative |ocation and

di stance between the substrates 14 and the transducers 18A, 18B and 18C
are typically approxi mately constant from one batch of substrates 14 to
anot her through use of locating fixtures 19A, 19B that contact and | ocate
the carrier 12. [4] The emtted energy 15, with or w thout appropriate
chem stry to control parti cl e re- adhesion, achieves substrate cleani ng
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anplifies the %a 33 to produc€ a signal an i1 ncreased power.
The si gna$ubgtg;at¢ surgae pad of wultihke substrates 14, walls of the process tank etc. The

occurrence of hot spots, primarily the result of constructive interference due to the use of
multiple transducers and to reflection, can also increase with additional multiple-substrate
surface areas. These 1ssues problems are typically addressed by depending on the averaging
effects of the multiple reflections of the acoustic energy on the substrate, which can lead to a
lower average power to the substrate surfaces. To compensate for the lower average power,
and provide effective cleaning and particle removal, power to the transducers is increased,
thereby increasing the emitted energy 15 and increasing cavitation and acoustic streaming,
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.



transducer 18B. A power sensor 36 nonitors the signal 35. The transducer
18B outputs emtted energy 15. [61 The precise inpedance of the transducer
18B can vary dependi ng on nmany variables such as the nunber, size and
spaci ng of substrates 14 in the carrier 12 and the di stance between the
substrates 14 and the transducer 18B. The precise inpedance of the
transducer 18B can also vary as the transducer 18B ages through repeated
usage. By way of exanple, if signals 33, 35 have a frequency of bout 1
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cause hot spots ‘on the ces of the substrates 14 being cl eaned. The
hot spot sbywaryisg dedbqmence nedt Gyretdne devalvelengih of the signals 33, 35 and the emitted

encrgy 15. Typically, a carrier 12 that is loaded with substrates 14 is placed in the tank 11
and the VCO 32 is adjusted to change the frequency of the signals 33, 35 and the emitted
energy 15 until the impedance of the transducer 18B is matched, as indicated by a minimum
value of a reflected signal 38 that is detected by the power meter 36. Once the VCO 32 has
been adjusted to achieve the minimum reflected signal 38, the VCO 32 is typically not
adjusted again unless significant repairs or maintenance are performed on the substrate

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



t he substrates 14 and can damage the  substrates 14. Figure IDis a typical
transducer 18B. Figure IF is a graph 100 of the energy distribution across
the transducer 18B. Curve 102 is a curve of the energy emtted across the
transducer 18B in the x-axis. Curve 104 is a curve of the energy emtted
across the transducer 18B in the y-axi st Curve 120 is a curve of the
conposite energy emtted across the transducer 18B in both the x-axis and
the y-axis. The cor‘rg)osite,energy emtted across the transducer é8B“i n both
the x-axi STHHY WREY Y- Epalectivehnransalied owdy theselediet s I[duvé 998 BRBY cur ve
122 as th?e QWhAVasaldONSdi&qd. . | ocation of the substrates, aging of
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cleaning result. In some instances, the reduced power of the signal 35 and the emitted energy
15 is insufficient to remove the some of the targeted particles from the substrates 14. As
shown, the effective emitted energy can vary to a much lower level (represented by valleys in
curve 122) such that the effectiveness of the cleaning process is severely impacted because
the effective energy is so low (about 3) and therefore results in an energy window that

extends from about 3 to about 17 as shown on the energy scale.

[10]  The transducer 188 is typically a piczoelectric device such as a crystal. The
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 fransducer 18B toward the RF generator 34. The reflected signal 38



that provides increased efficiency of the RF generator and a reduced energy
w ndow of the emtted acoustic energy and reduces the probability of
substrat e danage. SUMVARY OF THE | NVENTI ON [ 121 Broadly speaking, the
present invention fills these needs bynﬁr oviding a dynamcally tuned RF
generator that is constantly tuned to i ntain resonance of the transducer
and the emtted energy fromthe transducer It shoul d be appreciated that
the present invention c N inn rous cluding as a
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bel ow. [131 One enbodi nent includes a nethod of dynam cally adjusting an RF
generator (i am vikRek ﬂa@tf&@gﬁl% tHRSRANBLA fof SOMBNGWd HegBschlcAMBAME 8YstenT he

met hod includes inputting a n signal froman oscillator the RF
gener at or thahpfovidss meteased effcianay pﬂg@rRF\gemw@eanéfa redpsemergygrindove pfhal i s
measur ed. ofRAGENHO0RSE, A i hagsRiid B BEal output fromthe RF
generator 1I's neasure R sl gna outp i7om t he generator is
coupled to a transducer |anSUM;91Afmque1m/IN3,(EngIN signal is produced when
the first phase is not equal to the second phase. The frequency control
signal i s gpl Bﬁﬁd!?'%p@akfrfgeﬁ@%%%t?rﬂr@ﬁt'id}&l fills R4t n&.fds B?Srov%%ddﬁﬁ@fcail)[ 141
Measurrngthe irs hase can include scaling the neasured voltage of the
first phasued Rﬁ/eaeqwtpﬁ@att1?190@@@63/1@%11@9@1@&1@ reseninsd of deaiapsdycarped gasur ed
vol tage o to the
{requoncy TBaap oy & Bamngeigudet oo el SRk ERRL RiveRt Eh
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t he frequaaeyb&ivaiowgl signal when the first phase is not equal to the
second phase can include: if the first phase | ags the second phase the
frequency (PNt O/ ersb@iNabnt iR ARG BEIfhBRUEN &Y uingtah gérhlotoQh; if the
first phase | eads the second phase the 6 frequency contro si gnal

i ncr easesinslBtapgoRg IFaPRant Bequeney Bédiansdacyr Thamgibof inchles inpylitinga&Ednp  equal
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di st ance detaMsancasired.t Asneadd pbzse afid veltage of the RF signal output from the RF

generator is measured. The RF signal output from the RF generator is coupled to a

transducer input. A frequency control signal is produced when the first phase is not equal to
the second phase. The frequency control signal is applied to a frequency control input of the

oscillator.

[14]  Measuring the first phase can include scaling the measured 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



target varies. 1171 The first phase and the second phase are neasured and
the frequency control signal is produced for each cycle of the RF input
signal. The nethod can also include applying at |east one of a
proportional control signal and an |nt%9ral control signal to the frequency
control signal. [18] Another enbodi ment”includes a system of providing RF
to a transducer. The system includes an oscillator, an RF generator and a
vol t age phase dete he osci/l | at or a f. uen i.nput and
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transducer. The voltage phase detector includes a first phase |nput

coupl ed t @sthgoRTbsirgsamance ot thetranslugen saries a7 fisigngsrbetvee drediasPrerdd fnput
coupl ed t%ﬂgggmag_generator output, and a frequency control signal output
coupled to The oscillator frequency control voltage input. [191 The first
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i nput coupheb! bignalt he frequency control S|gnal out put, a second i nput
coupled to a set point control signal, and an output coupled to the

osci | | at of18]r eguemENenfRAlE@E incRBeta syértbﬁ dRPr@enes RE @ a eaRdRer. arielsggsn E RF
generator. 1211 The transducer can be oriented toward a target that is a

varyi ng di“é’i‘éiﬁ%@ eseidigion e RE geapragncet a volnge phash daigeler hersglatriSdded in a
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The RF generator can operate in a range of aboUt 400 o about
[ 22J Anot H@rosemigdi{ﬁmanal|onw|utmvé9né<Ftgeacrg@ue@putmﬁuxslefmodbe tfﬁéﬂuqehc1ll?des a
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phase detec has a frequ ontr Ut and an
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and an RF generator ou co gito the tr ducer having a varying
|npedancemgWﬂQUWBﬁ%ﬁ@@ggh%§8“§§?§ PR EPT zﬁaﬁg?ﬁwgt phase input coupl ed
h
to the [19]  The first phase input can be coupled to the RF signal output of the oscillator through
a scaling device. The second phase input can be coupled to the RF generator output through

a scaling device.

[20] The frequency control signal output can be coupled to the oscillator frequency control
input through a control amplifier. The control amplifier can include a first input coupled to
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 gencrator can operate in a range of about 400 kHz

to about 2MHz.

f22]  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



out put 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
vol tage input through a control anplifier. The control anplifier includes
a first input coupled to the voltage caontrol signal output, a second input
coupled to a set point control signal,'%nd an out put coupled to the VCO
frequency control voltage input. [231 One enbodi nent includes a nethod of
cleaning g substrate that includes applying an_ RF signal at.a frequency f
to a tran Wﬂ%%WYCWﬂ@IFg?ﬁ%H@E@Wgﬁépﬂﬁmbﬁﬁégkﬁﬁh ‘ﬁﬁWH%Pﬁ@magﬁﬁ¥frate such
that the fp GRS VEDN dufprufbh B QUSEnEraRP 8PN c%h%lkdﬂ% thé egMeneyhdvidganar d t he
substrate. The substrate is noved relative to the transducer. The RF signal
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more of aoflpii; akdcoid Rbut @uERM I WseCHRRT Balr&l . sighyiadd Gadukpot adjpusitth 0g t he RF
signal to naintain the resonance of the acoustic energy can include

mai nt ai ni NG ATeEBRELHEIAFOi a5 t he RF signal applied to the transducer
[ 261 An RF generator can apply the RF signal to the transducer and

mei nt ai ni Fgla EBnenEtmens didudgea Brthop of Rrandieghabstspibaidaciidss eRRYIEE dhsducer
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first voltage to a desired set point voltage, inputting a control
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t he vari abl
BStr
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t he resonadjegedd nidigtaidaaesdhamze eNBE gyousineneigycl ude dynam cal |y adj usting a
frequency f of the RF signal applied to the transducer. 8 [27] An RF
gener at or [N RARicdediikting faadnct 0 cirheclidensauarbllvagusdyp dmifeqhdnyy
adjusting_ . the frequency f of the RF signal applied to the transducer can
i ncl ude nﬁ@éGﬂr‘ihr%daog@ﬁéfv‘g‘\%lbfl%%g dp pTgsaafe rdatiedo Re iGRiUPHa? "CFlasur i ng
a peak voldAge 1ahO§HAN output anplifier included in the RF generator,
produci ng a frequency control signal when the peak voltage is

[25]  The substrate can also be submerged in a cleaning solution. The cleaning solution
can be deionized water. The cleaning solution can include one or more of a plurality of

cleaning chemicals. Dynamically adjusting the RF signal to maintain the resonance of the
acoustic energy can include maintaining a constant voltage of the RF signal applied to the

transducer.

126] An RF generator can apply the 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.



not equal to a selected ratio of the supply voltage, and applying the
frequency control signal to a frequency control input of an oscillator
that generates the RF signal. [281 An RF generator can apply the RF signal
to the transducer and dynam cally adjusting the frequency f of the RF
signal applied to the transducer can i ntl ude inputting an RF input signal
froman oscillator the RF generator and anplifying the RF signal in the RF
generator. A first phase of an input voltage of the RF inpu& signal is
measur ed, [&7lsedoritF pingseor 6w appinibe RE ggngto thydrapgduesr gad AYyTGIiGHnY a@ﬁ%}mgt he RF
gener ator 4 reed - ; J [ edy n the
first phagtéegt;régﬁno f?g&gﬁﬁ%ﬁ?ﬁ?ﬁgg%%ﬁgé %ﬂlggue&} %ﬂ?ﬁ‘%%&ﬁ%ﬁggfé co?glr?ol si gnal
i s appl i edottezeapplicidodrediF gaonmtos méanwine aafeak heltage edrpss an grtpu] @eplifishot her
enbodi nent._j, ncl ud S m.for .c| eani . ' l.eani ng
chanber ¢ it RAdT BRAE SRR buthaR R MR EA! Ghe HASTo R BT
ori ented tewajudl tbaselestdatic af de sépphavdlafd, endaslyancide deqepar anes! gl
transducer and the substrate. The, SYS'[ emal so i ggtl udes a dynam cally

adj ust abl d° REFegERsr EP! ! ArescliRies diabesneriipicdd 8% he transducer” and a
feedback circuit coupled to a control, input of the adjustable RE generator.
The substi#8lt eAgdH %f’ée’ia@tféi“b@P]Wh"eRﬁiS@P%m‘&gﬁ“@&W”%PEA gﬁlﬁ‘ﬂ’t‘“@é’ \?&%N)glr‘@ngt h of
an RF signgl fréﬁ'dExR'f}tfofﬁ{eﬁ’iﬁ dihe1 B 1ieeRanat Alsd@er éahenéum%g@ﬁ.eg dnR¥ @pad ed.
[301 The dynanically adjustabl e RF generator can include a variable DC
power suppigpal freay pmepcilatos tierRd ganeqator anthenplifpag SytRdiaiened inghe Bl genarHer RF
gener at or. e i I .06 : | C r hat

i ncl udes 5\ g;?f;%}{a?{? élj%gig #&qugh‘%r%%&tﬁ%lgg@.slgémé%l zﬁt&g%)dﬁgur%&o’la%?%ﬁiﬁ %&rogtasecond

i nput coupblkatetod tielRF Mmat@rputdtonr thRRFeh@uibs is ardsuacd oh fieglensy gmébl out put

?ﬁ‘;ﬁi o ncPigaRe” BOgBL 3‘/'& n ﬂ%ﬁ?@?a;ﬁ?ﬁ%ﬁ?ﬁ%ﬁ@ﬁégwaﬁ lﬁ%?%@%%@&%‘?iﬁggf ;.0'

1311 The dymansigadlliyapdidstaadq@eddy ca@Re ipuost tbaskciigkude an oscillator, an
FOf q .

output anplifier coupled to the oscillator output and a | oad network. The

osci | | at ogzd)as aAgoBerdnidimeént BORMed NP mabEcl@ningRh ssbgnal indudautclcating | oad
net wor k coupl ed between an output of the output anplifier and the l(1)ut put

of the RFckusmher thebincludere travadnsercand gjspbstiate. dhn Uppdiirabeine prsieddovgy the ge
detect or, and.@ A8eandl: SRTRAY Alhred IR ARMCHGhS BAGHELACTDE spak heo coupl ed
across t ﬁe output anplifier. The second conparator includes a third input
coupl ed t mchnleputpumiatly adingablaRF gbtesatDChggdwern eplogupled Pdbg ransdusgut
coupl ed t I fegclfga%k'tcir&fit ctogﬁecp oaakco\rllg”loltigﬂﬁ of the adjustable RF generator. The

substrate can be rotated. The distance d can vary about % wavelength of an RF signal output

from the RF generator as the substrate is rotated.

[30] The dynamically adjustable RF generator can include a variable DC power supply
having a control input and a DC output coupled to the RF generator. The feedback circuit
can include a first comparator that includes 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
the control input of the adjustable RF generator. The control input includes a voltage control

input on the variable DC power supply.

[31] 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



detector, and a second conparator output coupled to the control input of
the adjustable RF generator. The control input can include the oscillator
control signal input. [321 The dynam cally adjustabl e RF generator can

i nclude an oscillator and an RF generator input coupled to the oscillator
RF signal output. The oscillator havi n99 a frequency control input and an
RF signal output. The feedback circuit can include a voltage phase
detector. The voltage phase detector can include a first phase |nput

coupl ed t golt#e dRfeCef. AR secarft smPaEort He Rsak volfage dtecter cap b Y PINAEES nput
coupled t r SN lin Sh@p@ls out put
coupl ed tgh%ﬁgplggwgggﬁ ?ﬁgiﬁc%ﬁ&kﬂﬁgmgdg%@%dg%g&%@ﬁerat otfg.angi'll"%e contr ol

i nput can therciriable DCheoves eidphat 6rurthrispy eovpieddom pwputwdilicagek velfsge . 1331 The
dynam cal |y, adl 45t 8B Sa o RNRL 3Bl GAMck RELYTSH By RYRPI. RlL2% pour ce. an
oscillator %aV|ng a“controlr'signa |np8 and an I gha o&tput, an out put
anmpl i fi er gengbe dThetconttd énpaseinliddidenthoascplator cantlobdgnahétpwor k coupl ed bet ween
an out put of the output anplifier and the output of the RF generator. The
f eedback ¢321cuiThe @@namidalll bidjestéblPRP kenceltdrage irdkide ait ogcillacupd edRECr oss t he

output anplifier, and a conparator rcuit. The conparator.circuit can

i ncl ude aSPAGRPT mwﬁa?u%{faE@?&Sflha%@é\gbﬂ|qyw&|T*%sg)é Byt o ety nput
coupl ed t @o@fhi HHuPAMd anF LRI ARRK. YR! fRGRHBLAGIRE incRIAE a FoRAQIPALAL Or  out put
coupled to the control input of the agd ust abl e RF generator. The caontrol

i nput can detaetpiadehetviabiagsphpseldgieeipr eagringherde asirgtphipse ipglicouplgda theriRid signal
dynam cal | I 4 i NGl . i o&n RF
gener at or Oxwﬁﬁéuftﬁ%%g% té)gla tsg&{ﬁﬁgﬂ%gér}pﬁfgl%ug%‘&ﬁgﬁgi%gﬁ&gﬁ E%PW gnnd t he
f eedback dequeniy cangml signal adputaoupial toalgrecophralsiepd ef detadiustadin®Fagsoeratoat or  has

f trol | t . i | tput. . Th | t h
S o SR Bl R P P BBl B S 00 S,
f h i1l L a. d [ d he . RF
I CER o NP Rt LA

of the adpusiakaviRk 2 @6 dedl inphhamdCARF Qfnal bt arC@ApitRGIpYLer dobiled
oscillator frequency control voltage input. [351 The transducer_ can include

two or nofethe peitRICIY: atemd l@w%fwiqd@eatﬁe& 3% GHPY AREhe YEREFBRPBHTcan
i ncl ude tygy Qf ogﬁgﬁ&ﬁym&@aw. 20l Hshnbl 6 Bh JRNRMAL Apeaertfghavidg a

respective output coupled'to one of the two or nore transducers. The
t r ansduceroupdpd dcross thd eutpot amgplifiey, and ¢ ramprauiorerircnit i it wehpRERICHC@hCACt | ve

surface of e substrate ec ce i nt.g l&?%’(‘ﬁazf% ¢
non- act i Vlencfsulla(ej g %1(1) %t% n%%lgcosllﬁgég?? %{: gqpp?yngolgaééa %%gclé, §lecof ihs C gp n u@bu
of the peak voltage detector, and a cornparator output coupled to the control input of the

adjustable RF generator. The control input can include the oscillator control signal input.

[34] The dynamically adjustable RF generator can include an oscillator, an RF gencrator
input coupled to the oscillator RF signal output, and the feedback circuit can include a
voltage phase detector. The oscillator has a frequency control input and an RF signal output.
The voltage phase detector that includes 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 can include the oscillator frequency control voltage input.

[35] 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



[ 36] One enbodi ment includes a nethod of dynam cally adjusting a RF
generator to an instantaneous resonant frequency of a transducer. The
met hod includes providing a RF input signal froman oscillator to the RF
generator and neasuring a supply volta applied to the RF generator. A
peak voltage is neasured the generat r. A frequency control signal is
produced when the peak voltage is not equal to a selected ratio of the

supply voltage. e frequency, cont.rol dt uency
control T b G SRR e o0 a9 Bt PRV R peceb i

i ncl ude nMeagHel Revatkdendkivy s a08e afbseach cycle of the RF Input s. gnal-
Measuring the peak voltage can include neasuring across the output

anmplifier O’BG]C| U dmbhdilnba: lﬁﬁu&ga%e@mrofd%%l&.m REfus P 1 b&lerfdho e @ CMOS
device and the peak voltage is equal to voltage froma drain_to a source

of the outipintagesirgsoagnt ﬁnwgw¢fr?gtranﬁ¢1@ersnﬁbpln3ﬂthpdlmcdg@s appidieg RE e RF
t | th
generat or gggxgl Prd?x% Qs%llﬁf‘o?'td QR%QQP%P%{@Q@@%%@@J&%@ Eﬁ%la{) ge%’{li eNg the

peak vol tage can so I'nclu 38] The
sel ected ridt gememforth@eqd@ﬁihag@lshmgﬁlmdiht RE gsngppaby A 6kfagey amhobegmbial to a
range of betwe le cal t he
ol St ed A ERE P Tralind Piss i) B0 ik Bty Do SBES el can b
equal to ghgudnccdnBrol sigial BRGpliedIo B fleGuehcy ddh@rol MPthPeheCRBillados0 i ncl ude
applying at |east one of a proportional control signal and an integral

control sqgnal Me@sutnhg tie &ﬂ@ﬁdlfége ENhéide HES0R g thd fak VBl R reah tiseri ncl ude
appl yi ng an fied signal output fromthe generator to a

t ransducerthe I%Ih@ptltrsmb Jdeasutgta o pesdy vo{taﬁfaezﬁwnélwdamjé%urma agpsst thpeEPHet ween
the tr ans%ﬁﬁﬁera}&%éeh% Eh@wféenagtbpglf?o ATt %’H{%ﬁﬁ -5 @é"&émoi %ﬁcﬁﬂ@%ﬂ&ef

enbodi ment 1 ncludes a systemfor generating that 1ncludes a supply
vol t age soeakow]tageris opwel folaatobrge faom o dtaduto asapice b de output oeplifrest Weekying peak

vol tage. dekeshal A pAuSATPAL Bl ShLEM tnq TS ARSI ALRLNAg,g, cont o

si gnal input srgn out Ier-i’s upled to
t he oscil kaltape. Mehquuithg thElpeald ﬁﬂdge‘l&invmn‘okndlﬁde@OMMgehb @edsm&erpeanvolmgé.put of
the output anplifier and an output of the RF generator. The peak voltage

detector [383 C@hﬂ)deﬁdtedeeftﬁ&ﬁtﬁehﬁaloudltﬁlgé to&ﬁ@bdpbiﬁolta&\gncbere@mai@fangd sfcui t
i ncl udes first ut coupled to the SUE y vol tage source, a, second
i nput couE?t%e“ﬁ%’O Bhepdrooyt © tnk Yemieres ‘faél&éhe e t‘éﬁ‘o ol theiPekc onpar at or

out put cougitgetd @e Elﬁﬁal)ﬂ%@l déé i2b&Qlal 6 Yer @ lial 36 Q%Mtdﬁp&tabo{[hﬁé B, penerat or

out put can al'so be cou to a transducer. [401 The control signal can
be out put nﬁﬂ@ﬁrﬁmmméwp@ﬁr@pb@ngomqaﬁttowémp@p@upmfyomltsmg@l 4ng an integra

control signal to the frequency control signal. The method can also include applying an
amplified RF signal output from the RF generator to a transducer, the transducer oriented

toward a target, a distance between the transducer and the target being a variable distance.

[391  Another embodiment includes a system for generating RF that includes a supply
voltage source, an oscillator, an output amplifier, a load network, a peak voltage detector and
a comparator circuit. The oscillator has a control signal input and an RF signal output. The
output amplifier is coupled to the oscilfator output. The load network is coupled between 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.



not equal to a selected ratio of a peak voltage output by the peak voltage
detector. The peak voltage detector can include a first capacitor coupled
in series with a second capacitor and a diode coupled in parallel to the
second capacitor. The first input of the conparator is coupled to the
supply vol tage source through a first §éaling devi ce. The peak vol t age
detector can include a second scaling device. The conparator can include an

op-anmp. T oscillator, can operate_in range of about 400 k 0 about
2MHz. [41r1}§%lnot$r%8F°rE BErer ba oG feg tﬁﬁcwa@aéwugwhery%wﬁlf Vﬁ@ﬁ&fd? ng a
supply voldoa@fial 8AUER&ed AtiY¥OF 4 BER voRRRiJuetl fﬁéﬁbdk'@ﬁt%e_ d M. ravpdag a
control voltage input and an output "and an ‘output anplifier coupled to the

VCO out putveltagedetggior pan|ipdwlorrefinpioreRactioupiuplid inserinewiih aneaond papacistr anhe out put

amplifier gnd f t iS., al inc c i peak

vol t age det ectcglébl%éhg)glt&g é%tﬁagg‘ra%sﬁgggﬁgﬁguﬁ%aﬁ %5%*8???*@#0%%%@%%% at or

circuit thkatpled ochamipplyaoltigesturcathuiugh aljpdtachiing dtie. Sihppkyk woilagage sour ce,
det ect or

a second input coupled to a ut put. of, .t he peak vol.t a
conpar at o “SUPpGE ! %lb%laesac Qt"g S?aglé'g @@6060 o?her°81“5%ﬁ°f ﬁdd’é“(ﬁgfﬁepﬂjt oP-4R oS o

vol t age i ssalidpidan bp@r iheraagirfabait) ez peliboohaviHa. supply vol tage is not
equal to about a 3.6 to | ratio to a peak voltage output by the peak

vol t age dg4BCt ahothér entodidSabRehidésSanqOUnesdr QystdAeinBndgeRepIokoRgk put . [ 421
One enbodi ment includes a method of maintaining a constant | nput voltage to

a  transd§@ese avakaemeeHilled arilaed Vapp g Tinga smtRivdliagn iput ediaReutrRans ducer
froman Rgyg &@&ﬁmmmi?ﬁg@ugd BdnevED R uY.OktcﬁgﬁE?%adbdgﬁJa?g SAQA!

conparing the first vo 0 a desire set poln e, and inputting
a cont r ol beivgenadn quipud o e palpheanidifisowel ansupgpk yf thoREgetwaatadjsubt inchnfedut put

Suppry ng 52yt AR o te oG R Vool e PP PR R can

i ncl ude samhidaga fikeinpRasugledio the supblyvelthg@geurck43tcobldengdut esiplaidbzage i s a
function of a i epg%ggel of .the transducer. The inpedance ransducer

fot
can vary S4PY o Oliget deledion hECPRAHTRIGRY catpipdde f@r‘é@g C\?&ﬁfggghai’{:Ml

Conpar i NYidphe a bt vt aARFP ibRahAEHh fBHorREpuP Rh Y a MPphAEREgAR nbincl ude
determning a control signal. The control signal is about equal to a
di f f er encedwbloben atdfetorlj ke tosopeak yeltaga gutpihy tHepsakegliagstdetssiont Avol t age. 12

[45] Adj ugtisBgke REoRMEPBnRE LaREQfotfie Variabl e DC power supply can
i ncl ude applying at

[42]  One embodiment includes a method of maintaining a constant input voltage to a
transducer. The method includes applying an RF signal {o 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 powér supply so as to adjust
an ouiput voltage of the variable DC power supply, the variable DC power supply supplying
DC power to the RF generator. Measuring the first voltage can include scaling the measured

first voltage.

[43]  The first voliage 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.



| east one of a proportional control and an integral control to the control
signal. The nethod can also include orienting the transducer toward a
target, a distance between the transducer and the target being a variable
di stance. [46] Anot her enbodi ment includes a systemfor generating RF that
includes an RF generator, a variable B€ power supply, and a conparator.
The RF generator has an RF output coupled to an input of the transducer.
The variabl e DC power supply has a control input and a DC out put. coupled
to the RF [ddnerdiustng fbﬁ@u@ej (g rihs ekl &y povrar sarply sRgdbcludesphg % o a

set poi nt 1@:@%{@%?@% onalacoﬁ@a%&iaﬁ Eal eggﬁh foknt eorfréa@sxglfalg%@&%% RF

output, and a con si gnal out put c to a voltagé control 1 nput on
t he vari alshealBCinglde priendinp gieytranfdaizgr tfr\h@dse@gﬂda disipurte biepvesn Upl tedsdugert he RF

generatoran&ﬂgQ%Eabm vanﬁﬂé@gﬁ scallng device. The conparator can al so
i nclude at Teast~one a propor t%%nal control i nput and an integral

trol b E t h | t
of the AR gﬁ\apﬁfrmﬁ? R hoRr o Enteneator L RBTIRAREOIRT he

i npedance geferdthie a irdbEODC @bwex\/ﬁppi?%na& camghsioantie: e pmReRotAeat RANsducer
and a transducer target vari es. The transducer can be included in a
megasoni ¢ “BPERURIG] &ranigeyt of Wéraﬂ%d&ﬁ%rd deerariabigldeporarsupely 4asiittBhduct or

substrat e,y Ehﬁmcm@%ﬁ@hpéougﬁa De R LRPELBE 1 maéon@maldr ilcBldes a M%lnp&n ot her
enmbodi nent i ncludes a transducer RF source that includes a class-E RF

gener at or couplagddp |aéﬁlr@1®@fﬁmngﬂf§mpwd inpi coupioshipdirealR B gencities Rl apULE RF
generat or ,nas ol & aQHﬁtEﬁtt ng@&? a‘i&hotétg%a“ ke ﬁOHIS\B%L tﬁet\%ng?lg%?ﬁ;/‘d transducer

in a megasonic cIe ower

control i sypyply.and a DC out put coupled to the RF generator. The conparator
includes a first input coupled to a set point voltage source, a second

i nput coup7ed Tie atehrdeEptg(mmupledto RE- RE e parbtpr Rﬂdut@ud@rﬂ vadlagssogiad  out put
coupled tq a | t age contr ol u t he va riab I [ 50]
The br eselE ienvaRER OB b Datde Faieas b bpOBPGART BRI Bed

cl eani ng ifidgRsl @6@td ehplut. rrﬂletxelcgd,haﬁtdr en b gheys- Iﬁl@ﬂ‘@éne@&&us}tﬂe@oﬁ@,@b@mwan be
used wi t hout damagi ng the trate belng cl eaned .g., no acoustic

energy "h8f S@ﬁe}t%aﬁﬁxﬁéorwf@awaﬁancerﬁ@hww wer. 1 Bhe mwéwc? 8hthe HaRseBser r educes
the nunbey,of a§ya§&ﬁ&t&§v&ﬁmﬁﬁscﬂfd§r $08 2GRS AGOMSliE; ener gy being

applied to the substrat
[48] The transducer can be included in a megasonic cleaning chamber, The transducer

target can be a semiconductor substrate. The comparator can be an operational amplifier.

[49] Another embodiment includes a transducer RF source that includes a class-E RF
generator, a variable DC power supply, and a comparator. The class-E RF generator has an
RF output coupled to an input of the megasonic transducer in a megasonic cleaning chamber.
The variable DC power supply has a control input and a DC output coupled to the RE
generator. The comparator includes a first input coupled to a set point voltage source, a
second mput coupled to the RF generator RF output, and a control signal output coupled to a

voltage control input on the variable DC power supply.

[50]  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



[ 511 The auto-tuned RF generator can also automatically adjust for process
changes such as different cleaning chemstries, different |ocations of the
substrate, etc, thereby providing a nore flexible and robust cleaning
process. 1521 Cther aspects and advantages of the invention will becone
apparent fromthe follow ng detailed d scription, taken in conjunction

wi th the acconpanyi ng draw ngs, iIIustrating by way of exanple the

principles of the inventio B CRI PTI C]\l THE DRAW NGS [ 531 The
present  AERGdRoraRy e SH@&HW}D QJDg&Fr% nagy Wemfemqsmﬁ%@wcfé?rgﬁ ed

descri pt| ®Bing hph1QR HPGhHsRReW t h the acconpanyi ng draw ngs, and |ike
reference nunerals designate |like structural elenents. 1541 Figure IAis a

di agram ofis@ tyRi fidd-nhad RE Shhabf @heiss |a%maf‘&ll§¥§ﬁ§%r pr[)g‘eléél-cfﬁh@é@ﬁ‘chl Bis a
top view of the batch substrate cleaning system 5 ure | "Cis a prior

art, schenndiffercaf cleanirgrhemispiey, ct:@ersru;icpﬂayox@r@ tl@rsumirraée, etrc, preby predidigdacer s.
[571 Fi gu{'ﬂ%dﬁlﬁ)?gﬂﬁ &F%Bﬁsggfeaﬁlﬁgﬁg‘%g 18B. [581 Figure IEis a graph of
y ran

the energ |on across sducer. [591 Figures 2A and 2B show

a dynam c i ngl,e sub t e cl eani accordanc th one
enbodi rrengszif @h%r%s E:esena(11 al%ﬁ%néa o tntge r%’ﬁ‘flolglmh% pgaremeffonm fart of the
met hod Opﬁj’lﬁbvhrtgrt&taﬂfsd asscaptiomy; ta!ddfn ﬂﬂg:oﬂﬁmgmn erithtthy accsyipaginguedngy) a

nmegasoni ¢ eani ng system such a bed in Figures 2A and 2B above,

i ngaccor d&ﬁ‘étéa Wﬁtbﬁ WS‘%@%@W}? ‘??EH’E‘“%IF ﬂ’fréhep’l“é%‘%’ﬁfl |%vent| on. 1611 Figure 3
is a block diagram of an gWhQ-HEEEREPIRENIGNEN ARYSEEM i n accordance with
one enbodi nent of the resem—rmr—m% 4 is a flowhart
of the ne d eratlons auto-tunin at.o tem e the
A E R 8 e R o R A s

with one mbﬁfﬂhmtw;m‘thé b\@oﬁfp@@,ﬁﬁgtdrmmgﬂrah@nke fefedchcEh@uelsAbsipmtealikechemat i c
di agram of the p ak Vvd, detector in accordance wth one enbodinent of the

present i HPEHT3S me["{§41 Figure 5 Bis a graph of waveforms of the peak

vol t age (Vds) detected by the fpeak
Figure lAisa diagram of a typical batch substrate cleaning system.

I55] Figure 1B is a top view of the batch substrate cleaning system.

[56] Figure 1C is a prior art, schematic of an RF supply to supply one or more of the

transducers.
[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.



vol tage detector, in accordance with one enbodi nent of the present
invention. [651 Figure 6 is a block diagram of an auto-tuni ng RF generator
system according to one enbodi ment of the present invention. [661 Figure 7
is a flowmhart of the nmethod operations of the auto-tuning RF generator
system accordi ng to one enbodi nent of tie present invention. [671 Figures
8A- 8C show graphs of three exanples of the relationships between phase P 1

and phase P2 in.accordance with one_enbodi ment .of the present invention.
581 F gurlblg. Ui Elsialomay Pt BEIGH ORFURTe GhT g R HunBF SRS, ot em
accordi ng syﬂer@%ileWgéﬁ@ﬂ%r(Psfsu})ﬂ?in?@ﬁ%@‘%ﬁgn‘aﬂ%%tkﬁ%ucé@gﬂacEérGéHc@ 10 is a
flowchart of the nethod operations of the auto-tuning RF generator system

i n accor daritengicrRodimenerfilbiipragat invitibhe present invention. [70] Figure 1t
is a diagramof a nmegasonic nodule in accordance with one enbodi ment of
t he presed®3li nliettd Yhis 4 sphomyticgingeam of thepeak gfuagiecst in freowlartegyithdingt ri but i on

across th i apce wth one enbodi nent of the present
invention%m%é$§%ﬁﬁﬁﬁgﬁg%ﬁ?E@?%ﬁ@@F THE EXEMPLARY EMBODI MENTS [ 72] Several
exenpl ary odj . } nd., d i | i I an RF

si gnal apﬁﬂdg{ggpetr%% l{ ?@ﬁ@gé@%&%ﬂ%% !’%‘8%’%%( %g%(?gig%eﬁ%% %ﬁtﬁ b %g appar ent
to those gkitdgeddtettnr, it reodntcetwitt onk Renbpdiesendf thaywesehi iaventiay. be practi ced
wi t hout some or all of the specific details set forth herein. 15 [73[ As
descri bed [é#)ovBiguiet6 is 2 bk Widgrgposftaanitot toninp RFgRsEatbhgseheatirdgg to one
effectivenegs. ef ficiencies and throughput rate of substrate cl eaning
systems, GHPPEMFRAIGTYCSPOBYBEPT ty of damage to the substrate. These
requireneq%i e eﬁgpe%@ated by, the continuous|y shrinking device sizes
and the f&8 thgtereig fOream fighsipehedapemionsoidhe Ay & hgrerdeibst r at e
cl eani ng gyt £0Brdidg bnEbAbSBE R A ARG 2B $\Mich. dynami ¢, single substrate
cl eani ng system 200, in accordance with one enbodi nent of the present

i nventi onggi gp&rg%@éﬁétg@g@ﬁ@nglef HERWx hpled th%iﬁ%%ipsgje&@eﬁ gﬁa&@%ﬁ rate

cl eani ng system 200. Fi 2B shows a top view of - dynam single
subst r at eaid phasa Pyinggeardincg @@th ofhembedisentaf thepdBeitinventier. sed i n ¢l eani ng

[68] Figure 9 is a block diagram of an auto-tuning RF generator system according to one

embodiment of the present invention,

[69]  Figure 10 is a flowchart of the method operations of the auto-tuning RF generator

system, in accordance with one embodiment of the present invention.

[70] Figure 11 is a diagram 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.



solution 204 contained within a cleaning chanber 206. The cl eaning sol ution
204 can be deionized water (DI water) or other cleaning chemstries that
are well known in the art and conbinations thereof. [75] The substrate 202
is substantially circular and is held bg three or nore edge rollers 208A,
2088, 208C (or simlar edge holding deV ces) so that the substrate 202 can
be rotated (e.g., in direction 209A) as the cleaning process is applied to
t he substrgﬁe %(;2 One . or more of the three edge roIIer 208A, 2088, and
208C can H&ldr Avdhsspibegabave, itis ver ippitanbiesyorsse B claping sHsaReHde substrat e
202 in di regedidieps g&gtﬁrou-éhﬁut?&@@ﬁﬁ%tﬁte@@anﬁ%@y@&né’ Uit edudhg Ero'bﬁlﬁty%ff up to

about 500 RPM [7 A transducer 210 is also included as part of th
cl eani ng clamatrele ﬂmbstﬂ?ﬁ@ Themrngldmmszmxe@mb%@ by the @w@év@ébrsmnlﬁ’é&n ce

such as a gf; Xﬁ Calﬁuﬁ‘%. fﬁ&%a?ﬁﬁ%(ﬁg%an% ﬁﬁﬁé gr@%lm!vxﬁ%?o 519%?%9) &&%8 oSy 9y 214

emtted into eaning solu transddcer e conposed
of piezoelsggémi.c material such as piezoelectric ceramc, | ead zi rconi um
tintanate, piezoelectric quartz, gallium phosphate wherein the

pi ezoel ect[Td|c ﬁ’@hmizal and 2B showdeigindntic aiptsbataty cledutly sgseraa@bainc, silicon

car bi de, stainpless teel or.alum num or. quartz. sho in Figure
213, the FF%‘S’&&%F Slift)erﬁ‘%f’ﬁ“%%‘*g% t&ﬁ?’feﬁf&f’éﬁ’g’ FRHOg F&‘F%ﬁ&ﬂwiﬁg ¢gGhstrat e
202. Smal |tl%dyh£:ﬁﬁsﬂla'g]@&§)sﬁﬁ8cl@ﬁuﬂi@iﬂﬂs'tfeﬁq%gr eI sHoR@ % RENSIEW R YheaNd can
also offer inproved control over the smaller area of the substrate 202

that the éifaniedingheugsirarideanggisyten 269. o sbsteirad2ds inmerneddn clepning 0
| npacts.  TheqACidavenalill 86 :nza]ﬁea(ﬂngggamtgé?%Oéufﬁftﬁgan %lu'agn %b‘@caﬂ%' ve

devi ces thereon) of the substrate I's typica e transducer

210. 16 Heowevel waten(ld owmer eorivoidt plemting ¢Ham1m¢5|thm aweriblow“@mﬂmain dé on the
side of the ubstr% 202 opposite the transducer 210. 1781 The three edge
rollers 26%% %%‘é eﬁeﬁgc hol d the substrate 202 approximately a fixed

g stance ot SR TS AN TR RISl e

m | 1'i met eps8A,@08B, 203CabOLMIIHMAgEMIIhg dBRER) solther (é sibanaedcandes@hedt ed as
a di stance that nmatches the inpedance of the transducer 210. In one

enbodi menfe§H8 dpeionfgaA yastthe gle@é}%eﬁf?f‘éas ig @piied ¢ B AR traie20an O8e PHMO¥he

frequencyqr@f tHr@!ﬁed%@Hlicﬁ‘sdzoﬁﬂeﬁ@‘B 20l Jaﬁ'b@éh!/éﬁgle)é’ mtdh%ctfcfn%@ﬁﬂlé‘d/aso‘c the
emtted energy 214 can be selected so that the diStance 1 is a resonant

di st ance. tomtagg thyysybsatb 30 meitestiont20P s dha mehstrate 202 can be rotated at a rate of up
to about 500 RPM.

[76] A transducer 210 is also included as part of the cleaning chamber 206. The
transducer 210 can be a piezoelectric device such as a crystal that can convert an RF signal
220 to acoustic energy 214 emitted into the cleaning solution 204. The transducer 210 can
be composed of piezoelectric material such as piezoelectric ceramic, lead zirconium
tintanate, piezoelectric quartz, gallium phosphate wherein the piezoelectric material is

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

[77]  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 thercon) of the substrate 202 is typically facing the transducer 210.



the mninumreflected energy 216 is reflected fromthe substrate 202 back
toward the transducer 210. As described above, the reflected energy 216
can interfere with the emtted energy 214 which can decrease the power
efficiency of the RF signal 220 and can cause decreased cl eaning
effectiveness (e.g., |nterference pattdfns) on the substrate 210. 1791
However, the substrate 202 can "wobbl e" sonmewhat such that the distance
between the substrate 202 and the transducer 210 can vary between the
first di stioweEn inosesnhedgiats e actianblage? Hecap he o8 thssidest &e20D0Rkt at es

past the t ifference between the first distance dl and
dz'og%gg&‘ﬁ@ Eheiﬁagsdulé}%lé

t he secon ance d2 can be up to about 0.5 mm (0.020 inches) or even

greater. \hile 1' V&l BHOR 208k, Ak, 208014 38,08 20200 BLARIgPA M | ar

t echnol ogi'es eto trate consi’'st ent
di st ance dubdﬁmammd&bﬁmndmsdua@meHOﬂsﬂmheMmmpﬁﬁwedMedgetmohh@ﬁsﬁmannot

bsol di t.h [
Phe. ai st el BATEC el RN Bt B ot o A e e oSk P 1"

substrat e 282 Tahélstahe di ﬁ@s&ﬁsﬂueeg aaikﬂnﬁeatﬂat\iﬁdtt}heﬁ e ifpéRance dabonsmsasenel |
(e.q. placenent of th% trate 202 wthin the ed e rolggrs 08A, 208B,
208C, et c.30- Keongjembo glea ¢ fiskaey 91ns ﬁ%?‘é"'dcfétaé?f’l‘m%’é istnce fopthefIEARsICy on i n

t he di Starb@%e@%ﬁfﬁ@f‘éﬂe%@@l@”ﬁlﬁ&ﬁﬁ?v@l 2 f@aéenwgfthé a{aﬁ@a@%é}?m Ganeseverely
i npact performance an ficiency of the cl eani ng system 801 The

t r ansducerselgated jostheldhgpdistdnaedll apa Rsbrgeh@ﬁtamcsr Iipeither qripdirpeeat F@O%?n’r??som har t
of the nmgfhad, 8&%&8&&9%@%&%& ?eglggtg& ?ro%n Al &%stgﬁ't:% r\%ﬁﬂo‘% &bﬁ%t em used in

a nmegasoni ¢ eanin escrl ures 2A and 2B
above, in tanﬂmcdarho eAmﬂéshrlmadabomrﬁmdéfﬂmrﬁd cofrgy DS qamememre mmetm ¢roitted | n

operation 255, e . enerator proviges the _Si l,. 220 to the

P e ducerra 2 M ke R Mol kRt ¥ R SR P20 AR el about 17
400 kHz t geabaud cleMiz dTttttiveReds YD Skdrierddet paRms phomt stdfatkidz0t o about 1
MHz. The wavel ength of the high frequency acoustic energy 214 emtted from

the transguger Hdd@vdrSthe Mtc F0BcalmsbBbIe6 b ndMhReREh tHat fhe Agktdhce balwtdre
cl eani ng sol ution 204. [81] In operation 260, the distance to the target

(e.g., substsuhemtoRPyng fheitagsdyeer2A@ cpmyaibetiveen thefrstidisipated ] (9@ seepnhe
trans d ucelseh0e d%ass d:ltb‘uqlb% mtaﬁ-s %aéf@ﬂé ERsddis ARDHL deerén%é ba6t&fkne ENEr gy

216 al so vari es because t emtted energy 214 1s not ways I n resonance
when t he fidit sltsalnccedloﬂnd(ﬂmmg@si c(lataree d2 han bapetd ab@e 0GfmmHe.02¢ awberleer 210 i s

m smat ¢ hedzentgﬁ'eaé%p%\/m{eh%?rov%g e%&r ersREnggggg}? t28§C (? otlhgr s?‘nl{glé)rr@chngl%& ey and

dynanlcaIF Sigha
may be able to hold the substrate 202 a more consistent distance d1 from the transducer 210,

the improved edge rollers cannot guarantee an absolute constant distance d1 and therefore
variations in the distance di can still occur. Further, the distance between the substrate 202
and the transducer 210 can vary for other reasons as well (e.g. placement of the substrate 202
within the edge rollers 208A, 208B, 208C, etc.). As will be described in more detail below,
the variation in the distance between the substrate 202 and the transducer 210 can severely

impact performance and efficiency of the cleaning system 200.

[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



is constantly tuned to correct for any inpedance m smatches as the distance
d | changes. [82] Because a wavelength of the emtted energy 214 is about
1.5 mm (0. 060 inches), a novenent of only 0.50 mm (0.020 inches) can cause
a significant inpedance variation res t| ng in, for exanple, as nuch as a
50% variation in voltage and power varyl ng between about 25% and 100%
Wthout an auto-tuning RF generator to conpensate for the variations ind

chough vartR EREHEbo TR Sy SRsEly bRG- R by R TR DR alE 200" © 1"

(energy t RiRelBedteldf the hipdre@uneeslRdstk@nagy Zl@erﬁﬁ@& 60k thbgarReader 210 ikt ed
energy 214 from da t he substrate 202. [83] The auto-tuning RF

gener at or 23 1c§efﬁmt§Q%§QJtn6]iﬁi idenathy i tiselpanipe solwinerddt e for the variations

in the distance dl through varying approaches. In one enbodi nent, a peak
vol tage il8lldefreeneeion 6t sherdistangp i P frrgeh € P ubEay Hi2dares s Hie tBetiipedance

opti m zed {4 YRR (@fhe S FE 290 0ARARunck 1) MR . EIRON FROLeq Lhe phase

of the voltagé I's naintained so as to produce an i npedance optim ze
frequency endrgy hid dife vstr@iaalcatﬁa (he ehmittgdednemgm @i f &rnot elmbpdin rmnna}nce mlﬂelpdmer

supply can. be a stedt0| lance tim RF5|

Vbt ous. oNSTAREErENER (S e dRBERRE R BAGA AD S - 2¥3psre

aut o- t uni nu, Be RPgaRFadiran 2 &yﬁt@{mxcilgﬂa}ndlayw@l@ tmﬁedaolﬂiaoﬂ‘léﬁﬂﬁgfaama)f an
aut o-tuni ng RE [genegleat or sys{oem 300 accor d| errbdgl ment of the
present i MAORTFBN tuneqdo sqrrest El?ﬁyrfﬁ‘p@ﬂ“ﬁ%ﬁ’éﬁ‘ Q?Ff’%“d %P@We <hangep.eedback
control si naI to the voltagle control|led oscillator Vglr?ﬁ)(’ 306 so.as to

adj ust t hé2lt r Befgessaywayeleastyehremiticpaeres 264 Bappit - X er0O0R8 nvbes)306. The

'VCO 306 cafyahsp op@nlybgﬁ M@%Z@%uﬁﬁ@tca{?foﬂs@@ sﬁﬁlfﬁ%ﬂ%ﬁédﬁﬁc@@@latmﬁi DC power
supply 312 is included and provid for the anplification of the

VCO RF si galbingmofar gxande, Rsnglehesrfaﬂ% va@azmnTrhéoit@se arghpooer yarlying bﬂlweglener at or

e or oAy 2 R HEER Ik LSl DN BRGHR R Blop bl Ty OEARERC 0=
i ncl uded mrrlh;hel:%c @e@ﬁa{ebmftBé)éimtt[e&Ex]lergmzldnEuseh&amdumemalavhencrmginmiﬁc; er 320
is a CMOS,a 10 ied 0 ate G Adrain Dis
coupl e BAe by PP iogbMarer G Siee M eustee i Buifis fa Bgpasi e B

pot ent i al (orRédenBé peah cRE@I éﬁ@%ﬁ/@%ﬁdﬁi&lamagiﬂgﬂ%ﬁgﬁra(epﬁ)@k Vd,) detector 326
is coupled across the drain and source S termnals of the anplifier 320

so as to @apt urR ARenRBRRF generator 212 can be automatically tuned to compensate for the
variations in the distance d1 through varying approaches. In one embodiment, a peak voltage
is detected so as to maintain the RF generator 212 at an impedance optimized frequency of
the RF signal 220. In another embodiment, the phase of the voltage is maintained so as to
produce an impedance optimized frequency of the RF signal 220. In yet another
embodiment, the power supply can be adjusted to impedance optimize the RE signal 220.
The various embodiments can also be used in combination within a single auto-tuning 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



voltage drain to source of the anplifier 320. [86] The output of the
anplifier 320 is coupled to an input of a class-E |oad network 330. The

cl ass-E | oad network 330 is a conmon device well known in the art for
perform ng |arge-scale inpedance matchjng functions between an RF source
(i.e., RF generator 302) and an RF | ok (i.e. transducer 332). The class-E
| oad network 330 typically includes a LC network. An output of the class-E

| oad network 330 j s coupled to an inpyt to the transducer .33 [87] Figure
4is a f|a%eﬁmg%fgff}%at?fe’5ﬂwh&%m 6%@346@@16%%13%%9?%&%’&9 RF
gener at or gerYR4r& 306 WhihbR ahipai (B 39e Rt ahQity RA/CO RFUBRLYS NGrédlsdF si gnal
220 to the transducer 332, in accordance wth one enbodi nent of the

present i melWed brfhe RH sopertani08n 405, the DC supply voltage is neasured or
detected by a conparator device 340. A voltage divider network 342 can

al so be i B8l udiedPne embedimentpthe paglifer 32Ads aEMIAS andého¥ COHY viawpdit sve vol t age
coupl ed t C at,or . .dey] 40, f ] I 0 a

| evel useg hieagf)oye%%? ﬁée' ([:\oéﬁ%lgrq%l%?u@%é\%ocﬁe@g}ﬁ%gﬂg%sg(?%%uﬁ%}?g&ix ?@%Cr?tg?lati al and
i ntegral gonhdpitentichnildl4é.oAleak velakeden tb sourbe(pednyiay dtatordéfisceuidd so

that the rate and anpunt of c¢hange.i he t si gnal can be sel ected.
[88] 1 n oBaPSER Tt tsnd e SAR o e uatrei by SHeCRuuk Mg et ect or
326 and apgltapedraltio séursesnélahmplpir 386. t he conparator device 340. The peak
Vds detector 326 can also include circuitry to scale or reduce the

anplitudegsf the dagiu& 808c eAPREQA 20 & dob?e&maﬁ;ﬂ& OF a E18%LE Bad4btwofl M t he
peak Vd, detector 326 to a | evel useable by the conparator device 340. [89]

By way of Tese#ssiicload prawerk 336iet cappil §evie v eldponnipiie 28 der Poe3AY t he

conpar at o eMl i %m%bt} ek Iz fiore the
vol t age dlrafﬁ(é E\éér‘lg%&ﬁ%%lte\?\noarq 4§lﬁ<(::t§frl115 g%:lglp%{dﬂg&p%\xgcre\@%’p%{ g&%t‘%‘?}g@g %rd om 200
VDC t o a %oRF hge (icf transdD@r 83t The elossels ad set2O6k MOCypirallytinclednepalat or devi ce

340. Sinilarly, th vd t ol |.80. i ncl ud l.i.ng. devi
cuch as = 9urFhal BOF AL HBriEREeR e R Bt PEM e R ge ' o

appl i ed t#2t he conparator device 340 is about 5 VDC. [901 In operation 415,
the conparator device 340 conpares the peak Vds and the DC supply voltage

fromthe @@ paEgire 8 iPilywehbad.of tHe rhdiitodApestippl 400wo tHeag®-tufing RIGRhée@r rati o
of the peak Vd, then no correction si gln,al is _output fromthe co ar at or
devi ce anﬂﬁ@ﬁé@ﬁﬁ@g@e RF generator 302 is supplying an RF signal 220 to the transducer 332,

in accordance with one embodiment of the present invention. In operation 405, the DC
supply voltage is measured or detected by a comparator device 340. A voltage divider
network 342 can also be included to scale or reduce the amplitude of the respective voltage
coupled to the comparator device 340 from the DC power supply 312 to a level useable by
the comparator device 340. Proportional, differential and integral controls can also be
included in the comparator device 340 so that the rate and amount of change in the control

signal can be selected.

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

from the peak Vs 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



operations continue in operation 405 above. [911 Alternatively, if the DC
supply voltage is not a desired ratio of the peak Vd, then the nethod
operations continué in operation 420. In operation 420, a correspondi ng
correction signal is output fromthe ggnpar at or device 340 to the VCO 306
to adjust the frequency of the VCO output signal 310 and the nethod
operations continue in operation 405 above The correctlon S|gnal can

adjust th n VCO RFE si naI r

Fr bauency tealeEHEEN e BOPoieily SRR el DobfoP ek BB 365 VRSt age 1o
the peak WVsesents 2(OIBWB(Tdﬁme dopphraton @evi@eddli Sithiddrlyy ik pesk Vi détbgonsabicals
conponents, in erator 302 and the transducer 332 and the system

that may Ple I“l?h’ge t‘-“ﬁ‘ém e erchies p vatiage dnader meorasndiRf s aoigbpeakfeh as t he

SUbStratevSI'ta%@BbpﬂﬁdWﬁ%@%g&gtopéevﬁleguﬁ@s #Ho@PoVypC. I n one enbodi ment, the
desired ratio is wthin a range of about 3:1 to about 6:1, where t he peak

Vds is a kgyjoer, o‘fJQJa'Eﬁg@ISt %%o&@%&%deﬁ%b%o?ﬁ?&rt&%@ pedkn\/g@ﬁd @gPedi nent the

desired ratio is about 4:1 and nore specifically about 6:1 where the
peak Vds bupphbeliegcinualkhetdC apwersuppld3 62. nﬁﬁrhteulm enpply volifegeDCa eyt yatipsi(t age.

[931 Fi gu[eh% \B?ﬁ{/ %’ntgeﬁgorr:%g%%l’r@ ?én%g %E?ggt r§d Ehch c%mlllaar\z{g ? 4988& d(:t)].l"le rﬁ%{ﬁod n

accor danc n resent vention.

connect edopapaos totisubdpetaldn dheabootipl ed across the drai n D and source S
of the anplifier 320. A diode 506 is coupled in parallel with capacitor
504. In op‘ﬂq atAmnat@apaﬁ‘ithedDCSQﬁlscﬂﬂqages nbhedfrakraiol sf bk peaciy, ay@l the of t he
anplified to ca acitor paci 04 stores.the peak Vds for

each cycl &¢ %’f"?f’ﬁ atlo&ﬁﬁ‘l’qt‘f“ B ‘Fﬁf—’r‘%‘f’@%%lq %ﬁﬁ?raﬁl@ { HERTTPPIIMBIFETETS fi er
320. Di odgeh6 duant Bb@Shd fnfaedd dédise 38009 tﬁ@v@b%sws'd[,ﬁ@a{é Mdsedcd of he

conpar at or deV|ce 340 via the peak Vds termnal. 20 94 Figure 5 Bis a
graph 550th8fY Gihoepesigsalo¥ Oapg thsaupthadgipergans oggdnuede paeraead 45 abeie- Theak

vol tage dgge &{sxéﬁpcan 201 ACHOKY ﬁ@y&#tl&é‘%@l 2 CH%% LYLig e %lﬁ&l%'xelo& gsent

i nvention. |f|er V|ce cting, vol t age
det ect or Bﬂﬁwmnesrmmnedetect much vol tage because there is I|ttIe vol t age
drop across the anplifier 320. Wien the anplifier stops conducting, then

t he curr e} st’ﬁmefdsi'reld ritheofi tmjDetsoplﬁy avithge aple pabing,, of dc{plamdaRFupogelmer ator 302

and | oad net di schar res n ol e r.m 552,
554, 556"%‘%‘},\%@ %‘8? JJ t%ey YIRS & “%f aﬁ%ﬁh §?‘b66%*%r?30§285 ?*%HE‘“%%S PPer 320
i's designed isugReinhBdt nag indlit (NORF agRraA6 02 3nd e AR 38D, B20altvels) drops
to zero, the amplifier 32Q beglns t o conduct . ) o

subsirate cleaning system 200 of Figure 2 above. In one embodiment, the desired ratio is

within a range of about 3:1 to about 6:1, where the peak Vs is a larger voltage than the DC

supply voltage. In one embodiment the desired ratio is about 4:1 and more specifically about

3.6:1 where the peak Vy is about equal to about a 3.6 multiple of the DC supply voltage.

[93] Figure SA is a schematic diagram of the peak Vys detector 326 in accordance with one
embodiment of the present invention. Serially connected capacitors 502, 504 are coupled
across the drain D and source S of the amplifier 320. A diode 506 is coupled in parallel with
capacitor 504. In operation, capacitor 502 couples the peak Vg, 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 V, to the comparator device 340 via the peak Vs terminal.



thus creating a tuned anplification circuit. The tuned anplification
circuit is affected by any changes in resonance of the transducer 332
(e.g., any novenent of the substrate 202 relative to the transducer 332),
whi ch are reflected through the | oad network 330 to change the detected
wavef orm 552, 554, 556. Wen in resonarice, the anplifier 320 acts as a well
tuned. class-E anplifier and the waveform 554 occurs. Wen off resonance,

the trans er 332 n have_gjther capacitive or indyctive, reactance
osul £ ng A adiae Shine PErE et VHiebRR ube vl b LV SRR oe "t e
cl ass- E | gagk netay®détects’ 826, lihacddpiainadidchrssmbdRatdoMps wesekt ind@fiohesul ts in
ei ther waveform 552 or 556, having either a too h:ﬁj%h peak voltage V I or

too |ow p¥hse thermplifier gavicq BE[is qadegigs. % peakivettacaeiesyr Mfdosandtdeses on, it

has been TauRdofdiRbeldig: MERNKs Ntalet/a%%e dfof{d8bsd e AmpHAGBEOMAL, IRe T esonance
of the transducer 332 and the peak Vds conpared to the applied DC bias

vol t age hagphfierstaps aonducang, then Metcuirentatofadnio thegndustors el copaeponehthe Kt t he RF
generator circuif.,30 For. exampl.e,..in a . typi.cal. RE gener r atiois
apout -a: 1 G {7t ReoBEE IR E e MR n o BRI B b TR o
power suppbygas detecteddyaheysbak &olpgaketedlor, 326f Tabauplifer 300 isidebigsedaticlt thet 451 as

vol tage fromthe DC pgwer suppl.y 312 indicates that _t transducer 332 is
in resona e‘i"hf‘@eicrqﬁ? &irﬂ@m@ﬂ?@?ﬁ (Evsiérﬁpﬁﬁogaﬁoaﬁﬁe(&wpﬁﬁergﬁf) 89$‘%‘i°r?a“f§ﬁt

gener at or (5% $BMOORnALERFIMAGor GreuR Men R mRMcadn Jlit RR@saBd by Awent i on.
A phase P 1 of the voltage of the RF signal 310 output fromthe VCO 306 is

conpar ed thngesipaesengope of the ransdader a3fe(eaf, anneoverpent of Gepwistrate 2RhMRIVEr 332.
If the vo P t] Lgnal is
applied {t(%){ﬁtg ﬁg P ?%’33% éf}’h‘?g%‘i"r‘%?&%ﬁg}% u%?&%%d%%%%%?é t!i'g%n%:glgener at or
syst em 600etecied walesorans K554y e rWhar in662naiithehREmgldive B2 oits BRvadlanndse any
type of RF erator kngwn in.th re. A2l ase detector .604.i0cl udes
b i mput SoBoR R o e 4 Bt S bsimnaPien sl S ek BEbal L8 e ude

respect i vaawethérgpaithve wir irkiubih@ reRfbded i@sifting v QHdAgepatitvie demdaatveor ks) t hat
can scale the detected signals se P_1 and phialse P2). to a | evel

.g. ph
useabl e biFettAReepich detypgsd %ﬁ?ssﬁgﬁ?“g “Fﬁ‘gor Rale Thetatered clagol ledmeerany t ype

of phase d¢fR&lRM%n &mwabéroﬁ[h%za&_tsss,hgmng CARrdedLLibh Em v%Q?w Eorlthe phases
ase e

of the respective input voltage signals. Prior art p tectors

conpar ed towepgskaelsagedf3-t he vol tage and current of the output RF signal 220.

Testing has shown that conparing the vol tage phases PI and P2 can be
acconpl i st mblireugh experimentation and calculation, it has been found that the peak voltage

(V) 1s a function of the resonance of the transducer 332 and the peak Vg compared to the
applied DC bias voltage has a resonant ratio that is a function of the components of the RF
generator circuit 302. For example, in a typical RF generator, the ratio is about 4:1 peak
voltage as compared to the DC bias voltage from the DC power supply, or restated, a peak
Vg of about 4 multiples of the bias voltage from the DC power supply 312 indicates that the

transducer 332 is in resonance,

[96]  Figure 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 R 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 RE
generator 602, The R¥ generator 602 can be any type of RF generator known in the art. A



sinply and easily and provide the needed signal for adjusting the VCO 306
accordingly. [971 Figure 7 is a flowhart of the nethod operations of the
auto-tuning RF generator system 600 according to one enbodi nent of the
present invention. In operation 705, ag i nput RF signal 310 fromthe VCO
306 is applied to the RF generator 602 dnd the RF generator 602 anplifies
the input RF signal 310 and coupl es the anplified RF signal 220 to the

transducer 332 eration 7 f|r ut, .60 first

bhase (b dfasretior o PagBSuRouRisgbt: sy Tup S bnd TR S RUTSD 206t o0

the phase mtmﬁ@rre 4ivelsBalDp fr@lits G0, El@(é@evos@g@mdldeﬂ Mk &Rt calpl es a
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phase P2. Figures 8A- show graphs of t xanpl es of the relationships
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i nvention. Fi gure hovvs has a (e.qg.,
bhace Py ek ibbfiel e AR e B200RRAR ROBREor e R RITIAREA 15435
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mat ched a@ﬂstéd?@tf)o i&@rd‘idg%@%ﬂélé}%odﬁﬁ%tb§th@9§z’séht ﬂﬁ@ﬁﬁ/dnngn %érﬁf&n@@?% si gnal
222 into t RF generator 602. The reflected signal output b

y t
tr ansduceﬂanEF@&ﬁaitﬁéO froonibe N@& 3Qpep ?Pftblﬁd thethe Rﬁcg@wepyﬁquﬁmértheele ng with the
si gnal h 850
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at tinme Tkietrafbdwsen¥3di cates that the |rrpedance of the transducer 332 is
mat ched and that the transducer 332 is not applying any reflected signal
into the RRW] gbneestion 760Q2he firdiGRjut 606 cauples pdiraphon (FTR@S thphategeRY tanklF phase

P2 are equal en th i ons ,continuye (re eat tion

705 1t Han AP Sk e Von S5t Thee estartn i phscseran 41 £ihe FhEnEqual

t hen the LS QBFESA bRBSI SIREE (PRVSS thEveRes aﬁm@agl?ﬁ%pum tAPeiRtnRn3¥B80, an
to the phase detector 604.

[99] In operation 720, the phase detector compares phase P1 and phase P2 to determine if
the phase P1 matches phase P2. Figures 8A-8C show graphs of three examples of the
relationships between phases P1 and P2, in accordance with one embodiment of the present
invention. In Figure 8A, graph 800 shows phase P1 leads phase P2 (e.g., phase P1 peaks at
time T1 and phase P2 peaks at a subsequent time T2). This indicates that the impedance of
the transducer 332 is not matched and that the transducer 332 is applying a reflected signal

222 into the RF generator 602,

f106] In Figure 8B, graph 820 shows phase Pl lags phase P2 (e.g., phase P2 peaks at time
T1 and phase P! 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.



appropriate control signal is applied to the frequency control input of the
VCO 306 to adjust the frequency of the RF signal 310 accordingly, and the
nmet hod operations continue (repeat) at operation 705. The control signal
applied to the frequency control input of the VCO 306 can adjust the
frequency to a higher frequency in resﬁanse to a condition where phase P 1
| eads phase P2. Alternatively, the control signal applied to the frequency

control i t of the VCO 3 an adjust the frequency to a | ower  frequency
inres pongigklo?%f’@am%cp S5 g e 2! i PR 8N 5RAS epobot ptysy 5’+ﬁgde _
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of the RF signal 310 and the output RF signal 2 Asa result, the
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mul tiple tj Fo (VT I f eby
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about oneVitid Bodcrantaijimsh@equengand Idwer ErequedBER rpbnd¥ite b @saligndyhalelr i ng each
rotation OL tg? sub tr?%e 202. This increased control of the acoustic
energy 21BM3PALIEI PR fhe substrate 202 neans that the average energy can
be very close to the m ninum energy valle and. the naxinunlenerg%gpeak of

] y . )
the emitt &3bnethppubortining R eepGpiar &ysimgiidicansiss ighidepsryip! 2RRANGE 2 ppl i ed

to the subgt&Atseald8R.codil QiQnQIQﬁfpﬁpNy @b bﬁ’é’é@ dEed bVl %Qbhh‘ctrsﬁg%‘lqg&i:l g eani ng
process tinme and |q?roved cl eaning ‘ef fecti veness.
control the VCO 306. The control amplifier 620 can also include a set point input so the

control amplifier 620 can combine the set point input and the control signal input from the
phase detector. In this manner a VCO RF signal 310 can be selected by the set point and
then the control signal output by the phase detector 604 can automatically adjust the selected

set point.

[104] The systems and methods described in Figures 3 through 8C above can automatically
tune the RE 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 | MHz, then the frequency of the RF signal 310 can



11061 Figure 9 is a block diagramof an auto-tuning RF generator system 900
according to one enbodi nent of the present invention. The system i ncl udes
a VCO 306 that is coupled to an input of an RF generator 602. A variable
DC power supply 902 is coupled to the EE generator 602 and provi des DC
power for the RF generator to anmplify e RF signal 310 fromthe VCO 306.
The out put of the RF generator 602 is coupled to the transducer 332. [1071
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equal to fmRe he¥60 g Jae oyeutnl thedtk agtératqrﬁ& mphmldd tple kenisdwesr 8Bkt i nue at
operation 1010. Alternatively, if the output voltage is not equal to the
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Pr opor t i ofainteining theveliaee af the RE signaberOat a sonstanslexelchiow theenpigy threshold

limit of the substrate 202 protects the substrate from damage while also allowing 2 maximum

acoustic energy 214 to be applied to the substrate 202.

{108] Figure 10 is a flowchart of the method operations of the auto-tuning RF generator
system 900, in accordance with one embodiment of the present invention. In operation 1005,
the RF generator 602 outputs an RF signal to the transducer 332. In operation 1010, a
voltage of the RF signal output to the transducer 332 is measured and coupled to a

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.



included in the conparator 904 so that the rate and anount of change in the
control signal can be selected. [111] A scaling circuit 906 can al so be
included to scale the voltage output fromthe RF generator 602 to a | evel
nore easily conpared to the set point %hgnal. By way of exanple, the
scaling circuit 906 can scale a 200 V signal to 5 V for conparison to a
5 V set point signal. The scaling circuit 906 can include a voltage

| so |ncI ctifier.to rectify

di vi der. alln Ci i,t 906 c
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hystereS|s |ncI ded in the variable DC power supply 902. [113] The system
and nethoarﬁg§ﬁ $&d in Figures 9 and 10 can be used in conmbination wth

one or nor f th syst ens. _and hods described in Figures 3 through 8C
above. “el'gﬁcﬁ seqling C‘sr%?%céﬁﬂllsﬁé? Rederbiosrinig VPHagﬂlog‘EH“égm’@‘ BHBF 10 can
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dynami ¢ resonance, of the transducer 332, while the systens and net hods
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a diagram of a negasoni ¢ nodu cor ance wt od| ment of
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nodul e, s%}ofg?gggpagﬁ rtcgﬁ%%{spggosc%bed | c nly owned U. S. Patent

Appl i cati on bstrate Processi ng Mdul e"
e 5, STLSTIE PR el P LG et
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few cycles of the RF signal 310). Conversely, the system and method described in Figures 9

and 10 can also automatically tune the RF generator 602 but at a slightly slower rate than as

described in Figures 3 through 8C but yet still faster than the likely changes in impedance of

the transducer 332 due to the motion of the substrate 202. The system and method described

in Figures 9 and 10 is somewhat slower due in part to the hysteresis included in the variable

DC power supply 902.

{113] The system and method described in Figures 9 and 10 can be used in combination
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
systermns 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



referred to as tank 1102), and a tank lid 1 104 (hereinafter referred to as
lid 1104). A lid negasonic transducer 1108 and a tank negasoni c transducer
1106 are positioned on lid 1 104 and in tank 1102, respectively, and
provi de negasoni ¢ energy for sinultaneg;ely processing an active and a
backsi de surface of a substrate 1 110. Substrate 1110 is positioned in
drive wheels 1112, and secured in position with substrate stabili zing

ar m wheel .t he substrat bi lizing arnl wheel
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system (n@hrpphwn) that raises and lowers |id 1104 while the tank 1102
remai ns stationary. Alternatively the tank 1102 can be noved to mate with
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for subst F'g?cé“'if% E%ff‘%fgi gﬁ‘ﬁ%‘b %Eatt%)bltig 'ﬁg%ﬂfﬁmf“ﬁ‘“ ive

hor i zont akvhed1i entzaﬁddnslacurécﬂﬂab&s;mp&uh B@as&h&@ﬂam‘tzﬁlgmrﬁﬁkﬂee RhaCRGnkn the tank
1102, the tank 1102 is then filled with processing fluid including

dei oni zed T PRgimgRt: Be subsialp pigbibisiae ﬁ@n/@%‘é‘?hléé‘} i pasitipressj widhen aoer HHHE ¢l osed
nmegasoni Cad@ﬂwsﬁloqnn%QQd i &2fth bf)&daan foRe %@%i&f)ﬁ%n%raméﬂq 1 't&'e?eweand

substrate 1 1 IS Inmrersed therein, megasonfc processing of substrate 1
110 is acewsnsl argiheldasg;a stilsitriate lr}é@mslwmtccessedmsﬂhu@mgasbmfaan@ﬁuﬂeeblwbn@ herBgasoni c

energy ag ) e f subst.rat.e l asoni c
transduce?idllé%wg Szty({)egfna eggrs%ﬁlo%edtplp an %I‘J téf‘aim%a’ésya efna@?t Sr’?&‘(’:J gasoni ¢
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t ransduce 108. Wth subpstrate 10 subnerged in processing chem cals,
drive V\/heL]IOé i’i%%mroﬁ“fdatf’é“a“’sﬁﬁ'%fhrei‘fie”% ‘10 to ensure conpl ete and uniform
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’ substrate 1110. In other embodiments, substrate processing is performed with substrate 1110
in a vertical orientation. Drive wheels 1112 contact a peripheral edge of substrate 1110 and
rofate substrate 1110 during processing. Substrate stabilizing arm/wheel 1114 can include a
freely spinning wheel to allow for substrate 1110 rotation while supporting substrate 1110 in

a horizontal orientation.

[117}] Once the substrate 1110 is placed 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



gears, sprocket and chain, etc.). [1181 An auto-tuning RF generator system
as described in Figures 3-10 above can be coupled to one or both of the
lid transducer 1108 and tank transducer 1106 so that the respective
transducers 1108, 1 106 are constantly:%nd automatically tuned for the
dynam c inpedance of the respective transducers 1108, 1106 as the
substrate 1110 is rotated. [1191 Figure 12 is a graph 1200 of the energy

di stributi a s, t.h ucer accor anc odi nt of
Chet L ooent1Bs AR, 1 RENS e s Drac R PR kB R R p 0 EO O B
shown by cubstes 1120 t@adut23mpRe a0 ufibuhoesihg Qﬁé@ﬁl&téﬁhr&s&ﬁaé&&ﬁlﬂbﬁl in a
nmuch narrogxe%tlene _.ndow 1202 het ween curve 1210 and curve 1212, Since

t he ener gy pslsds wrigers 9T pbe e 10- tlﬁéﬁe?fﬁ@déﬂ‘é}td}wmvb Lol be

shifted UW{&iadCtb QS GE thb Qrﬁzé"@hee@onﬁrlghatahﬁaﬁgﬁlzg cuftfne 1N Es YPSE#ED&Q:, and
thereby provide a nore effective acoustic energy Feanlng process. 11201

As used heedbripiosketonhelain.¢itwi th the description of the invention, the
term"about” nmeans 10% By way of exanple, the phrase "about 250"
i ndi cat es [H&] adgeutttubior Beegener2@bs et @mscrilbtdmHigurm—ﬂﬂmltdvelcaralmor eci at ed

that the ShLNehe0Pu R Br A FALG e L 16 SRSHA EANR s NOFLOYER 1 7 2nd 10

are not req ornme ra and that all
the processpagive ﬂpmﬁse&ni esbyl 06 hes dmetmaty zmﬁ&uimi&mnm@ thed m&a&s&;&amid o]

eacr i bed THEBBIT dis BiAeh 6 istS ALt OGS TEre LHAer CEuimi ng. Tt wi
be appareT{jlfg h I certain c an es._and nodj fications may be practiced within
t he scope BUelFd R 8 SEPE I AT hed thonprery dlistidh ‘Vionlaﬁé“dp‘ég@ﬁf!m@ﬁﬂodl ments are

to be congidef:aek @8h bhd éiﬂ&fdﬁﬁén‘(@f BB PreBQk ifveSidnl Gh bdﬁﬁpar@&ﬁwitﬁﬁxe'pﬁ\é?ﬂ%' on is
not to be limted to the details given herein, but may be nodified within

the s cope cuiey Bidpvahew By @:rrvetsHéO aa@b@wa@wt@ﬁmmw petatorean Feiliinck i s: 27
d ai s mucﬁn%mgné}&%f GM?J%W I%@i l)(»%/iw@g*l éﬁ%é qu%nﬂ::urgg PferatS%{ce E}% e?(@rg%' .
u Inputting a

i nst ant aneous r esonant requency transducer conprising
RF input siigiead 1202 aymagh mmlwlet :ﬁtemthet Mrgﬁtﬁf:g@vecaaatlmmhlftedﬁgwuﬂ ictogerao flier st
phase of %r?eréynt%resh(}ig ll“to?gh su[)stxate an@Fherc% prowdega mote effective acoustic energy

cleaning process.

[120] As used herein in connection with the description of the invention, the term "about"
means +/- 10%. By way of example, the phrase "about 250" indicates a range of between
225 and 275. It will be further appreciated that the instructions represented by the operations
in Figures 4, 7 and 10 are not required to be performed in the order illustrated, and that all

the processing represented by the operations may not be necessary to practice the invention.

{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:



measuring a second phase of a voltage of the RF signal output fromthe RF
generator and coupled to a transducer input; producing a frequency control
signal when the first phase is not equal-to the 10 second phase incl udes:
if the first phase |lags the second phasé the frequency control signal
decreases the frequency of the oscillator; if the first phase | eads the
second phase the frequency control signgl,, i ncreases the frequency of the
oscillator; and 15 if the first phase™s equal to the second phase the
frequency control signal does not change the frequency of the oscillator;

and appl yi the fr e control ..signal_to a frequency control input of
The Dbl 1ot or A el Ve by ascilie R Sty S rURTSroRYaresa Tl o set
poi nt cont mhuer@kwgltfang&cgf cobifigit hod of claim 1, wherein the first phase

and the second phase are neasured and the frequency control signal is
producedl for eactputiyed eREfinpuieizRA frerpan ossillgivathe BB gderatot,r ansducer RF

source conprising; .an osglllator . hayvin fregque .cont.rol. input and an RF
si gnal out put; gﬁ: aﬂ%mgge%ﬁ?sgwbarse Rg@? Hlaug\r{l&fargﬁ&? Hheﬁf%)&%%nﬁlhe oscillator RF
signal output apttasiihgRFscgeMEplakobf Qublite FOPRBJighel dutguttFRngdUTRr ; a

vol t age phase detector including; 30 a first phase input coupled to the RF
si gnal out BERETYPT pHecayplad tp attigpsducgr i9pBond phase i nput coupl ed to the RF

generat or out puty, 20f.a § %%%Wtrgpﬁéﬁﬁlwlﬁingf\?ﬁgll;sgPII}?@?E%?@%QLQQO L the

oscillator frequency “con tage~I npu guency contr ol
si gnal 1®@ut pacond phaseuptledest 0 28 the oscillator frequency control input

HECES SRS TS DR HON LA MEERE
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
15 if the first phase is equal to the second phase the frequency control
signal does not change the frequency of the oscillator; and
applying the frequency control signal to a frequency control input of the
oscillator including combining the frequency control signal with a set point control
signal.
20
2. 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.

25 3. A transducer RF source comprising:
an oscillator having a frequency control input and an RF signal output;
an RF generator having an input coupled to the oscillator RF signal output and
an RF generator output coupled to the transducer;
a voltage phase detector including:
30 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 oscillator frequency

control voltage input, wherein the frequency control signal output is coupled to



a second input coupled to a set point control signal; and 5 an out put
coupled to the oscillator frequency control input; and wherein the
transducer is included in a negasonic c#§aning chanber. 4. The transducer
RF source conprising: a voltage controlTed oscillator (VCO having a
frequency control voltage input 10 and an output; a class-E RF generator

havi ng an i nput 4colpd t gp e ut
coupled to the transldlgg)étrﬁ%ﬁgé\}{%ggggr@gbgﬁﬁg%ﬂ hgggﬁgoel;ag?}@(%ﬁvgérgﬂgﬁgse
det ect or i ncl udicmgrol amplifist inplidse i nput coupl ed to the output of the VCG

15 a second phase input couypled to the RF nerat or output; and a voltage
control signal output couﬁltgﬁ?fi‘?@ttcﬂ‘épq%@tﬁlg By ceptselsignal Q¢pPrtige i nput

through a control amplifigkecchlgnRRRbERLD RIPAd: bbE chlth WERSE: afa {1 7St i nput
coupled to the voltage control signal output; "a second input coupled to a

set point control signal; aandp2Occplwid plr ossdlaprdtbquendytreni@0Onpuegukncy
control voltage input 5., A method of c¢leaning a substrat.e conpri sing:
appl yi ng an RF si gnawhgﬁelréthfﬁ@afﬁg‘ﬁﬁvsfncﬁ%& P Pgﬁ%fﬂf’é‘f‘ clegijing f:tf‘%ﬁ%eﬂucer

being oriented toward the substrate such that the transducer emts an

acoustic energy at the 25 frequency f toward the substrate; noving the
substrate Fel at Thetransduers RE somsesuroatbristfigaani cal |y adj usting the RF si gnal

to maintain ar , ' r.ay, e trate and
the T anaducer | rol B B RSP VC R RUFR RS RED L gD THERHIL T gna
appl i ed t cartdhe dutmnsducer; 30 wherein an RF generator applies the RF signa
to the transducer anﬁ mai nt ai ni ng a constant_ vol tag{gqof the RF signal

lashs r

applied to the ?FaRstiicesFitdriaste antap srrplgd o HieretO veinuhged 81 Rfhe RF
signal; COMmRIAGUNR cbiid Bk bABRILE BviIRS] Vdind ShnBRlnbl. VOl tage, and 29
inputting a control signal to a variable power squ y so as to adjust
a voltage phase detector including:
a first phase input coupled to the output of the VCO;
15 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

20 an output coupled to the VCO frequency control voltage input.

5. A method of cleaning a substrate comprising:
applying an RF signal at a frequency fto a transducer, the transducer being
oriented toward the substrate such that the transducer emits an acoustic energy at the
25  frequency f toward the substrate;
moving the substrate relative to the transducer;
dynamically adjusting the RF signal to maintain a resonance of the acoustic
energy between the substrate and the transducer including maintaining a constant
voltage of the RF signal applied to the transducer;
30 wherein an RF generator applies the RF signal to the transducer and
maintaining a constant voltage of the RF signal applied to the transducer includes:
measuring a first voltage of the RF signal;

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



an out put voltage of the variable DC power supply, the variable DC power
supply supplying DC power to the RF generator; wherein the RF signal is
applied by an RF generator and dynam caidy adjusting 5 the frequency f of
the RF signal applied to the transducer™ ncludes: inputting an RF input
signal froman oscillator to the RF generator and anplifying the RF signal

in the RF generator; ; j 1k St i) f.the RF
i nput signal; masu}ﬁgﬁ?dsg%éﬁég%hgstggg?ﬁ golgg)jl(?g%de/é}(%g b?%ce%bhggg?(glﬁsél
out put from t hean d0tpRFvdege phthervaripbledMC pogeasubplqthenayiablom@ pbwed gnal when

the first phase is. not ual. .. to the second phase; and applying the
frequency cont r SfPPLY E}ngyq?%bg ?qvéﬁﬁ%ﬂ}?ﬁlggﬁ’ﬁr%’r;i nput of the oscillator.
15 6. The net hodhefeifihdinn & nmeépﬁﬂi@d@y'ﬁﬁ'ﬂfcgén!eb’at?‘ynkl%&h&ﬁicﬁﬁ?gﬂﬁs}»{tﬁﬂlg@lnal to

mai ntain the resonance of the acoustic”energy includes dynamcT
adj ustihg e fraqueprrfoy the BF signel Rplisd gmthk tapplicedintiodedie transducer. 20 7.

The nethod of claimg erein.the RF signal is. | an ‘gener at or
and dynani cal |y adj uE’t’*’Pﬁ%&aﬂé{? fn&jb%ﬁ%@f THen ?ff?éﬁ%% tgﬁgfhg% gﬁfﬂ?f%%égn o the
transducer i nchiifRBindMaRW it éh SUMH Yer¥Rlidrage applied to the RF

generator; neasuring a peak voltage across an output anplifier included in

the RF 25 gener at or mepnsiage fiigt rhase etueineyt wiiaee of thsikfniapuimierilt he peak
voltage ! 2pnct, cavel ke SSLE AL T TP AP LR ERY,
osci |l ld&tor thatRBenssraoes the RF signal. 30 8. A cleaning system
comprising: 30 producing a frequency control signal when the first phase is not equal
to the second phase; and
applying the frequency control signal to a frequency control input of the

oscillator.
15

6. The method of claim 5, 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.

200 7. The method of claim 6, 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 included in the RF
25 generator;
producing a frequency control signal when the peak voltage is not equal to a
selected ratio of the supply voltage; and
applying the frequency control signal to a frequency control input of an
oscillator that generates the RF signal.
30

8. A cleaning system comprising:



a cl eaning chanber including a transducer and a substrate, the transducer
being oriented toward the substrate, a variable distance d separating the
transducer and the substrate; a dynam g@l | y adj ust abl e RF generator having
an output coupled to the 5 transducer;” and a feedback circuit coupled to a
control input of the adjustable RF generator so as to dynam cally adjust

an output of thg c%n%}%’lﬁﬁﬁb&r inélgd{i’%ginc%aq}is@u%a %rgcfﬁ)g@rﬂﬁ‘ teOfhe 1AHsduBEOMEHd C

energy between the substrate an rans , I ncluding nmaintal nithg a
const ant vetitgétofard He sRbstsitgratariaplpldigthced sehaatinaedisastuceherdeha t he
dynam cal | iLO adj ustabl e RF generator includes: a variable DC power

suppl y hav%/% Bontrol input and a DC output coupled to the RF generator;

and the feedback dghdibihlly hd)GHHSIERF @enbiaicinaCRBRATARLAN chijtddimg: 15 a first
i nput coupled to g set p%idrqt contro nsiagnala; rggsecoﬁr?l{llcil%ut coupled to the

RF genet at an@pcguarsut ; and a control signal output coupled to the control

i nput of the adjust.abl.e.RF.. generator, .the control .in incl udes a vol tage
coﬁt rol input olflllfl?eﬁigg acrlfcgglcgu%@ E"o ?ntm%H}?ﬁl?ﬁf{hf@dﬁ{sp##emgF;‘é‘}fﬁ‘(i%ﬂ’bsosyst em
of cl ai m 8as tehish&hitaliadjasst siahe ofak RE sbtkrabetd ARdtaivhessehihctbendi st ance

d varies about'/2 wavel ength of an RF signal output fromthe RF generator
as the sub%toMsiieenesey ptaeatthessbstate angdhe frapsduag, Bybding Bhindizinge8, wherein
t he dynam i .at Orq ] : OSCl b havi ng a
cont ol o1 Ggieft AAUSLE e ren SRRRNAL 8l BabES v AR el 001
t o t helloscadjhattde Réyfcpatator amdudes! oad net wor k coupl ed bet ween an out put of

the output amplifier an h 30 out put _of. the RF generator: and the
feedbacE Ci rgﬁi t inch ﬁ@g@_eﬁc power su;?p y having a controlgmput and a DC output

coupled to the RF generator; and
the feedback circuit includes:
a first comparator including:
15 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 the control input of the adjustable RF
generator, the control input includes a voltage control input on the variable DC power
supply.
20
9. The cleaning system of claim 8, wherein the substrate can be rotated and
wherein the distance d varies about % wavelength of an RF signal output from the RF

generator as the substrate is rotated,

25 10 The cleaning system of claim 8, wherein the dynamically adjustable RF
generator includes:
an oscillator having a control signal input and an RF signal output;
an output amplifier coupled to the oscillator output; and
a load network coupled between an output of the output amplifier and the
30 output of the RF generator; and
the feedback circuit includes:
a peak voltage detector coupled across the output amplifier; and

a second comparator including:



a peak voltage detector coupled across the output anplifier; and a second
conparator including: 31 a third input coupled to an output of the

vari abl e DC power supply; a fourth inp;ﬂ coupl ed to an out put of the peak
vol tage detector; and a second conparator output coupled to the control

i nput of the adjustable RF generator, the control input includes the

oscillator control Siagtﬂﬁ'h(ijﬂﬂm%tgilecﬁto "’5@}@ O?kﬁwiﬁ%e%éeé%%ggﬂgf?i m 8,

wherein the dynam cally adjustable R rat or C n | I at or
having a frequency caorfonsh inpupodupderttoan deFpus ofjthel peekitpltdge datedtorzandRF

generator input coupled t% the oscill ator ﬁg mg}gal Oﬂt.ﬁut; nd 10 the
feedback circuit inclGde¥: %’Watt%‘g‘énﬁﬁzf%p gfeResPenit d P}Hioﬁg?e a first
phase i nputadf@Bleqtr béhekdi6r, Be ®nBBRInpAULBIEeOhe LRENASLE AL Bkhal iRp@econd
phase i nput coupled to the RF generator output; and a frequency contr ol

signal &utput coupled to the control input of the 15 adjustable RF

gener at or, ,the t o i ncl ud the.osci] | at or ..f requenc ontr ol
Tol tage | it 13 iRk QSR iR B R NP per
i ncl udi ng getgranshéhles:and a substrate, the transducer being 20 oriented

toward the substrate, a variabl e distance d separating the transducer and
the substrate; 2aojHaAT Balinga Seperscs reraRmmpys aad an BEF siena etpah asdit put

coupled to the e GLr cyict . . a control
mput of the adf ey e nARSoBICFRARBSRMEFRE S SRERNER: b1 2 Uot an
out put 1of thede®bagenierat mclutdos:mai ntai n a resonance of the acoustic energy

bet ween the subst rgte nd the tr.an@gucgar, i ncl udi ng mai ntaining a constant
vol tage of the RF° ?%&as%éﬁle?t%‘dmf e transducer, wherein the dynanically

adj ust abl e RF gener ah@frsti ghabd i8St 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
15 adjustable RF generator, the control input includes the oscillator frequency control

voltage input.

12. A cleaning system comprising:
a cleaning chamber including a transducer and a substrate, the transducer being
20  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 so
25  asto dynamically adjust an output of the RF generator to maintain a resonance of the
acoustic energy between the substrate and the transducer, including maintaining a
constant voltage of the RF signal applied to the transducer, wherein the dynamically
adjustable RF generator includes:
a supply voltage source;
30 an oscillator having a control signal input and an RF signal output;
an output amplifier coupled to the oscillator output;
a load network coupled between an output of the output amplifier and

the output of the RF generator; and



a supply voltage source; 30 an oscillator having a control signal input and
an RF signal output; an output anplifier coupled to the oscillator output;
a | oad network coupl ed between an outpug,of the output anplifier and the
out put of the RF generator; and 32 the feedback circuit includes: a peak
vol t age detector coupled across the output anplifier; and a conparator

circuit includinggs fadbdckhrchfiugeoupl ed to the supply voltage source; 5 a
second i nput coupled to an output of the peak voltage detector; and a

conpar at or out put couyiteell voliagerdstestmtcoupled aposs e outpet amplifiet &bl e RF
generator, the controh:iqut inclﬁdeﬁ &he oscillator control signal input.
10 13. A cleaning sy$tESHEEEHY TS RE4Y € eani ng chamber incl uding a

t ransducer and a substrat%,ﬁltgﬁgpgﬂ@ﬂﬁguggme@hﬂg voRbgefueg; toward the
substrate, a variable distance d separating the transducer and the

substrafe; 15 a dynani cal |1asegeidispisioupiRe toyamevtarior! thapeakgycdingodeiptier;
coupled to the . transducer; and a feedback circuit coupled to a control

i nput of the adjustable RF generator so as to dynami cally adjust an out put
of the RF generator to maianbaiparaor@sanascdedio thBeontasiansitiof tiener gy bet ween
t he substrate and the . trapsducer, including paintaining a 20 _constan

vol tage of the RF si @ﬁ&lﬁtagf?&ﬁcéﬁl%%ﬂ@w AsgppEncludpsthe ppcitider eRARMI cal |y
adj ustabl e RF_gener aty,qj jpphwides: an oscillator having a frequency control

i nput and an RF signal” output; an RF generator input coupled to the

oscill & or RF signal output; and the feedback circuit includes:

I3. 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 fransducer and the
substrate;

15 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 so
as to dynamically adjust an output of the RF generator to maintain a resonance of the
acoustic energy between the substrate and the transducer, including maintaining a

20 constant voltage of the RF signal applied to the transducer, 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:
25 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
30 the adjustable RF generator, the control input includes the oscillator

frequency control voltage input.



25 a vol tage 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 contr signal output coupled to the
control input of 30 the adjustable RF generator, the control input

i ncludes the oscillator frequency control voltage input. 33 14. A method

of dynam cahly adhumlling agndshARNGHARE JlF ggheirﬁ&t f%%'tgalﬂﬁgrﬂgneroﬁ§ P M
frequency of a transducer” conpri’si rjlg. Brow Ing an I'nput signal from an
osci | | at or frequankg oRE tigesteicat @imprisim@asuri ng a supply voltage applied to the
RF generator; 5 neasuring a peak vpltage in_ the RF generator; producing a

frequency cont rBTOVéCﬁE)%@P R\Maﬁuttswélagéa% pyselglor i thedit ggeitioto a  sel ect ed

ratio of the supphyuri@ldRg8ly WM ARMIXH M9 Heer bikaygncy control signal to a
frequency contr ol ing%t o?ﬁtyhe %s%i‘ﬂl | at or. 10E15. The nmethod of claim 14,

measuring the pvwRswolstagyekivndigedeshaRBgandragrit he peak vol tage across an
out put anplifier_i,nclud in the enerator. 16, The nethod of, claim 14,
wherein the sel g%)fig@nggﬁfegugqcytqqgggleg%na@&ﬁga&e Qegktvﬁgagellg ngiﬁﬂblﬁ@‘o\m tage is
equal to asdiengera@b obefewppplyald@tife; 3ndo 1 and about 6 to 1. 17. An RF
generator conprising: ~a supply voltage source; an oscillator having a
control signal ®BYNEHirdregienyy amgivhbignalttp atitequomrynenisolk ippet e i fi er
having an jhppt..coupled to the oscillator output; a |oad network coupled
bet ween an out put of the output anplifier and an output of the RF

gener atlor; a peak voltage detector coupled between the output of the out put

anplifier d ref erence, voltage rail; and _ )
P X! ?he metho o(% claim 14, r%easurmg the peak voltage includes measuring the

peak voltage across an output amplifier included in the RF generator.

16.  The method of claim 14, wherein the selected ratio of the peak voltage to the

15  supply voltage is equal to a range of between about 3 tol and about 6 to .

17.  An RF generator comprising:
a supply voltage source;
an oscillator having a control signal input and an RF signal output;
20 an output amplifier having an input 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 between the output of the output amplifier and
a reference voltage rail; and
25 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.

30 18.  The RF generator of claim 17, 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.



25 a conparator circuit including: a first input coupled to the supply

vol tage source; a second input coupled to an output of the peak voltage
detector; and a conparator output coup§ d to the oscillator control signal
input. 30 18. The RF generator of claim 17, wherein a control signal is
output fromthe conparator output when a supply voltage is not equal to a

sel ected rati o ofy @F%@ﬁ’éfato%’%rﬁ ,Put put by the peak voltage detector. 34
19. An RF generator conprisi ngr: a ‘{%uppl y vol tage source; a voltage

control | ed osci llsap@y vONG@D)sohaej ng a control voltage input and an out put;
5 an output anplifier coupled tq,the VCO output; a class-E |oad network
coupl ed bet menaé’ﬂit%ﬁcﬁﬁggh‘?g?%&%‘?ﬁg I“Fg“"f‘é’rnt@ﬁﬂo tags IR BOE 2Bf the RF
gener ator; og@pgak voltage detector coupled across the output anplifier; a
conparator circuit including: 10 a first input coupled to the supply

vol t age’ sour ce; aaosipubadplifgeouplod pt ég V@ amtpett put of the peak vol t age

detector; a co . out put .coupl o the VCO cantrol voltage input, a
control vol tagg%lfagé‘gl}?%&]u e?yp%quﬁk%ﬂoghﬁeézpfpoop %Pgﬂ}e aﬁ‘@ﬁﬁ‘b? vol t age
is not equah ofitput FBEIRFacBe@ick0 1 ratio to a peak vol tage output by the

peak vol tage detector; and 15 a transducer_ coupled to the RF generator
output. 20. A mPRSIvORZAHPIEEAr peUMCRacEes SheeriPHARlifies] t age to a

transducer conpgi.gi, zgf'ato-@f?%i}’jn@ﬁ)d .RF signal to the transducer froman RF
generator; measurl ng a first voltage of the RF signal; 20 conparing the

first Uoltage to a desirstégusedupped wtthy ebppdgesltardoumput ti ng a control

signal to a variable DC power Sﬁgﬁ% so as to _adjust an output voltage of
the variabl e DC powef S€Q %F%P,WP o 2 uEpybe! Hisvisak yapedetetiinl yi ng DC

power to the RF geneggifparator output coupled to the VCO control voltage input, a control
voltage is output from the comparator output when a supply voltage is not equal to
about a 3.6 to 1 ratio to a peak voltage output by the peak voltage detector; and

15 a transducer coupled to the RF generator output.

20. 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,
20 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 genecrator.

25 21.  The method of claim 20, 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.

22. The method of claim 20, wherein comparing the first voltage to the desired
30 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.



25 21. The method of claim20, wherein the first voltage is a function of a
i npedance of the transducer and wherein the inpedance of the transducer
varies as a distance between the transgucer and a target varies. 22. The
met hod of claim 20, wherein conmparing the first voltage to the desired 30
set point voltage includes determning a control signal and wherein the

control  shgnal A §aRR04 REWAkcl@nfrdldf €rence between the first voltage
and the desired set point voltage. 35~ 23. A transducer RF source

conprising: an RERJegescmtohahagianRboutRE auplmdtto enipuedf tho tansduepyit of t he

transducer; a vari.abl ower supply having. a contr i nput and, a DC
out put coupl ed 2t'8"¢ 8%@%@?{3}1513%5?9@%& ‘PBHBEWBP%“&%@%[?H?‘E@ co T‘Fq r st
i nput couptedleRF @enslitorpoi Nt control signal; a second input coupled to the

RF generator RF output; and a control signal output coupled to a voltage
control5input oAcemparaladinadidieg:DC power supply. 10 24. A transducer RF

source conpri sing: aaﬁr&%éﬁﬁg@?p@@f{b.e%%ﬁhglggélitﬂCﬁgan 1RF out put coupled to an

i nput of the negasonic tran "Bheani ng chanber; a

vari abl e DC power supptaonbamiud@odplednrtthoRF giputat@RF 6utp@; esd put coupled 15
to the RF generator; a conparator including: a first input coupled to a set
poi nt vol t age sour ce? CantERSHMal 9upicosplshitea velagarentel iganetather RF out put

and a cont {9l pki ]g@%m%yg,g%q coupled to a voltage control input on the
vari ab{oe 20 DC power suppl {/
24, 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
15 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

20 DC power supply.



