WO 2011/ 060092PCT/ US2010/ 056265 1 MEGASONI C MULTI FREQUENCY APPARATUS W TH
MATCHED TRANSDUCERS AND MOUNTI NG PLATE BACKGROUND OF THE | NVENTION 5 FI ELD
OF THE | NvBNei 1tdb0092 This invention rel ates general | y PCO/USR@a®SN06E
processi ng apparatus and associ ated net hods involving two or nore

pi ezoel ectric transducers operating in thickness node at different

megasoni ¢ frequenci f h'ﬁgg , tes nore
particularly to inbﬁ§33§6ﬂ%¥$ﬁﬁiﬂgﬁﬁgEéiﬁH§¢¥H$ kﬁ@ﬁﬁg ntal resonant
or higher-level harppryceHE® TRAANTPIEERE AND MOURTHRGYLATENSducers to the
fundanmental resonant or higher-level harnonic frequencies of a plate or

ot her nounting structure upon which the transducers are nounted.

DESCRI PTI ON OF THE RELEVA i r i i nvol ves generating
and using high frequency y%ééggﬁéiwﬁﬁgéﬁgm@@ﬁieggﬁigﬂgoo KHz. Many
megasoni ¢ systens operate at frequencies at or near 1,000 KHz (1 MHz).

Al t hoygh HENBzOF SHIWBN¢BNSENDSUS, preferred frequency for many applications,
t he frequency range goes much higher, with frequencies as high as 10 MHz.

Typi cal uses fOHS mgatirclateseeperally fov@pgRtanie PERCSFIE dppragusaddapjostted such
as 20 sem - r ' | ' - @F@ﬂ ' eani ng
process ﬁ%@gﬁ%§§$ﬁfg}inSC?ﬁgﬁggﬁéﬁﬁ%gﬁ%*@gﬁﬁ éQO(g&?%lgt U|§?€#ﬁ?gg t ank
and appl wiffgrent e gdsomin ditcqadieiogpf at lcae §a6 &Horfligguemdirelates moae padicaltiing

surface or .surfaces of the tank. One or nore piezoelectric transducers
(PZT) ar €O {8BEPVINS Ry&ieEnancs byHeatghipe fhe %ﬂ%ﬁm F@%Qpaﬁ‘r?éil@?’érieé(?]eh%‘é‘ﬁ%d or

ot her S%&ﬁ%ﬁ&&%&ﬁﬁ%@@%&u%@hé&gtdﬂéﬂlk M da Rl RXGEMPEE hi%ﬁ@élé%le or

25conpression. A gener at supplies an alternating current driving signal
t o t he t rmnwducdreguenviegasd apilate or cthsducertmgopectateeupon whelkcthresesdods aravher e
a piezoelectrkf element is excited by an alternating current driving signal
t hat cauéﬁ@mﬁ?'ernating expansi on and contraction of the transducer,
primarily expandi ng and contracting the thickness of the transducer. A
pi ezoel ectric transducer having a thickness of 0.080 inches has a
f undamentRESCRATTIOMQE T3HE Rb4EVANESMENt frequency of 1,000 KHz. A thinner
PZT wil I have 3. ghet JRSRNAMt oL EAURNEN . 10g LML CRNGSE.TRAS: ARG, 8 thi cker
PZT wi'l | have a ower Presonant ?req ency Pi ghIC ness mode” T %< known to
sweep t hefradfubndidsabor€ QOEREY:. INUBUBHRIsbnia syAGEomdrate at frequencies at or near
1,000 KHz (1 MHz). Although 1 MHz is the consensus, preferred frequency for many
applications, the frequency range goes much higher, with frequencies as high as 10 MHz.
Typical uses for megasonic systems include cleaning delicate objects, such as
20  semiconductor wafers and disc drive media. Such a megasonic cleaning process involves
placing the objects to be cleaned in a fluid-filled tank, and applying vibrational energy at
megasonic frequencies to a radiating surface or surfaces of the tank. One or more
piezoelectric transducers (PZT) are used to generate the vibrational energy. The PZTs are
bonded or otherwise attached to a plate or tank but without external pressure or
25  compression. A generator supplies an alternating current driving signal to the transducers.
Megasonic transducers operate in thickness mode, where a piezoelectric element is excited
by an alternating current driving signal that causes alternating expansion and contraction of
the transducer, primarily expanding and contracting the thickness of the transducer. A
piezoelectric transducer having a thickness of 0.080 inches has a fundamental, thickness
30 mode, resonant frequency of 1,000 KHz. A thinner PZT will have a higher resonant
frequency in thickness mode, and a thicker PZT will have a lower resonant frequency in

thickness mode. It is known to sweep the driving frequency throughout a range of



WO 2011/ 060092PCT/ US2010/ 056265 2 frequencies, as disclosed in ny U S
Patent 7,598,654, to inprove distribution and uniformty of the high

f r equencywenerigygoookegasoni ¢ processi ng happens at nuch RcghiseooeceEnci es
t han ul trasoni c processing, which invalves fundanental frequencies
typically in the range of 25 KHz to 40 5 KHz and upper-1|evel harnonics

upwards of about 300. KHz. .U trasonic t ers are typicall

hse bal dRGECH HOsHB Rabsas. Brcet ROLS foturote (REbGRRMY ¢ ef erent
and have ai®hany bi &aMeH R&jRhcycapgnent of nmovenent at right angles to the
t hi ckness. The PZTs are circular rings with the centers cut out, and their

frequency is ddtgasaiingdodgssingleappensaitinarebHiigheo freqimacicn hedalidisanst er to t he
out si de dj anet.er. e.Co onstrugction .of, an_ 10ul trasoni ransduger is
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Conpressing a radial PZT increases its vibration anplitude, which is the
rever se J¥Pig#ht mAspdans odvivtiH MCk Mask@aSitheided Py pieractesamilementedidi ng i s

based on %t@g %%%h*f?cﬂnt Pﬁ’&fa?g'oth ontegfa?ff Iﬁ&\%%én?gt r?%wq & é%g RHRE th%knlgysb blL h%ﬁ)Zﬂ the

fluid. 1 regquenci es use or negasoni aning, significant

cavi t at i ame dis@garrofgs edthithe cQnert bet @iteadithgr freducnny issdcbas@ctddy taniot her
mechani sm known as_m cro-streanmn which js a general flow of detached
parti cl esreﬁrlewhﬁgofamsme&ﬁm%r W&@%@@ﬁﬁe diapgterd (g cemmes; onpirugiop 8% &sts
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pl anar wawesnieespavktoumidthd assenely trgeihenivitiian estal comprésseorpbadnar nat ur e of

these m cro-streans af s the distribution of megasonjc energy. throughout
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to cover a high percentage (e.g., 80-90% of the surface area of the tank

wi t h trartbefreergon aurbedilepsdniibubbles iretheiflwicent way is to oscillate or nove

the parts to b rocessed 25throughout.the tank so. that all surfaces are
exposBa to sur BT BRI ok GR e ERRChic i SeRieb i RulopRlifh FE° .0

nul ti pl e decanssltheel@nily b BB dif SQUeR eic@Barisn RAowh b ASEDIsGeaRdgl at us,
as shown for exanple in U S Patent 6,019,6852. This patent discloses

mount i ng Wigks & gagiabAey of damskrdouriclenievingiapin frog) Bieanqgasinirgdpcers.
1 eaencynl A0SOHRof PGPS pBUBRIRLATCORBL DL SRR Bl e
mounted. If the transducers are mounted on the bottom of the tank, then the planar waves
20  move upward in a vertical direction. The planar nature of these micro-streams affects the
distribution of megasonic energy throughout the tank. There is little or no activity opposite
empty spots or gaps between the megasonic transducers. One way to maximize the
distribution is to cover a high percentage (e.g., 80-90%) of the surface area of the tank with
transducers. Another but less efficient way is to oscillate or move the parts to be processed
25  throughout the tank so that all surfaces are exposed to sufficiently high megasonic energy.
It is known to use multiple transducers of different frequencies in an ultrasonic
apparatus, as shown for example in U.S. Patent 6,019,852. This patent discloses mounting
lower frequency transducers on a thicker plate than higher frequency transducers to counter

excessive erosion caused by the lower frequency transducers.



SUMVARY OF THE | NVENTI ON The present invention relates to a negasonic
processi ng apparatus having two piezoelectric transducers (PZT) operating
i n thi ckrwegonmgeosat fundanmental resonant frequenci es ofPCatusb@anse2890 KHz.
First and second transducers have corBesponding first and 5second operating
frequencies that are different. A nmounting plate is provided for nounting

the transducers. At the |locatij Lr ucer the nounting plate
has a first thickness and hgyﬁwﬁéﬁﬁﬁégllﬁ&@é\iﬂm or harnonic frequency
substantial l'y ﬁ&gﬁésehpinb&ﬁiofn'réﬁiesW@h@?hd@ﬂid‘ﬁr@é’éﬁﬁgﬁp Ahtub A&ihORAS | on of

t he second transducer the nounting plate has a secondpthl ckness and has a

f undamentra¢zoclesigdransdicetsd PAbhpperitingodhickness hwdaat fuatiperdejuagonat o t he

second operating f ue ikhegapparat us ;al so, i ncludes a tank containing a
Tt d iR g RS for R et Bt kS M Ry RS B
oper atsi vekyordpetLitdg tieqhfiridsandt asodiffarint.t Rendun@ing PLEET Hreigrd e moubfi@t | ons
to the tank and its contents. The gpparat us al so includes one or nore

gener at ortBe Bansdpeds.t Ot thedogatign efithedirst tragpduscapibe yaavgtiag plathpsdifigstal s at t he
first : ' i es. ' t
TS a”&hﬁﬁgeg@ gn@ﬁ%rag‘ﬁlggﬁ?&{taqg&'ﬁgﬁte .harjrﬁérrng f%g%é&& g?ost ngiﬁf[%( g(iu;al g fhgsSonan

frequenc I's mat 0 an operating freq ducers. In
one enbodimsdpcravingtfivguentye Mtitlhnlocitiva ditensdonetrsnsdliter lavmosnthgtpdant haddy t he

same di nensi ons,  but s are operated at a fundanental resonant frequency
and ot hersgcwﬁ@b%qséﬁgﬁﬂ‘e a fundgmendalfgsanap h@%%fugﬁr@wnvﬁéu%ﬁ@lmaq ate
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substantially equa anen resonan requency of
t r ansducemd onandmatspartsds ba ptdvessdd hdheowustidg glgieesnoperatinatly caupsadasttiant i al |y

|t third ic f f the t d . F le, th
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third hargRyihslufiéRsen tror®bebabis cbafied Khe tAGSRIEs 6! sﬁﬁppltyn%tdmﬂggi ng plate

has a fundanental resonant frequency of about 470 KHz and’a har noni ¢
f r equencsigifalsadd thet firsGaRIGECAddopetasingdteghencigs. t r ansducers. Thi s

enmbodi nent has..t he advan t hat t he.nopunti | at S a uniform
e na THe o At P Fot o P R DL B B PSR af PO T as the

f undanentfadque@sastand tridsaaeted Civ dne RRHAYBEINS of Aletifvonbibh,uBd Hansdicerhilghere
frequency transducers could be based on a thinner PZT that is driven at its
f undanentsapstrripdiy g samcad{EAEYNS, Ryt OHY B¢ ORCTRicd Rt wdaaentalreseiibni c.  For
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that is substantially equal to a third harmonic frequency of the transducers. For example,
the transducers have a fundamental resonant frequency of about 470 KHz and a third
harmonic frequency of about 1560 KHz. Accordingly, the mounting plate has a
fundamental resonant frequency of about 470 KHz and a third harmonic frequency of about
25 1560 KHz, to match the transducers.
This embodiment has the advantage that the mounting plate has a uniform thickness
and the third-harmonic transducers are the same dimensions as the fundamental resonant
frequency transducers. Alternatively, the higher frequency transducers could be based on a
thinner PZT that is driven at its fundamental resonant frequency instead of a higher-order
30 harmonic. For example, a 0.23 inch thick PZT will have a fundamental resonant frequency

of 470 KHz and a third harmonic of 1560 KHz, whereas the PZT thickness would have to

be reduced to about 0.05 inches to obtain a fundamental resonant frequency of 1560 KHz.



The thicker PZT operated at its third harnonic is nore durable and
resistant to crack formation than the thinner PZT operated at its

f undamentwb 20a9e0@nt frequency. Preferably, there are neCriysb@ofse26%
transducers (operating at the fundanemtal resonant frequency) and nultiple
second transducers (operating at the third harnonic 5 frequency) and are

arranged j,n an al nati ng sequence on.the nmounting pl ate. The transducers
Sperate i The KRS ORHET ARt ind Ipretus Bur e lgRG IS wEyHgPRsORAk  he

I 'engt h exbaRAAALACMHE HBnRRP AN SFRBAEPR i fubhfin iR REdoRsht F@héncyl N Ot her
enbodi ments, the nmounting plate has a non-uniformthickness. "For exanpl e,

t he nounting plrefceabimyharoerermelshlefostirankduckcrsdneretingit thntindamensal c

frequencies 10 of the.transducers. e fundapental resaonant,frequenci es of
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har nonii ¢ sir@fuendyybndBlcGii@bged iR ahhiternatihdlddquite dntBe ousHhmesistcofThehe mounting
plate is adjusted at the nounting | ocation second transducer so that the

third hartrssdussrsapsratanchislnesamade aad pirangierabhelopgirectnglasvot Gedengfuenci es
of the ”D&F&'rdg% a%lro%% 8@@%&@%%&1’?}{&9&&&& tp'm%(.nbe mat ched, but the

f undanment a onan requencies are n order to match the

fundanment al r daofianicmboéiensanc thesnountiag phitckayessonednifome thiskindss nopl ate i s
adjusted at the nounting location of the first transducer. i I n anot her
enbodi merf@mplte NegURITIAG PHGTaY ﬁa_%maﬁcm%th@ EIW?@&W@%%@@P@&%&}%@% at

I ts TundagRit flnsHeQeNaMe b INERA S0 IR Ul TSR bR O@&E%ﬂ& ks of the

corresponding first and second transducers. The thickness the nmounting

pl ate at ttdmeduvershaynige mechtd, bnt BOdlirdhdrmaned ararot inmtchel et thas simaadd, olve t he

mounting plate to.resonant jn its.fund ntal resonant node at the

oper at | ngieRat Rty TuRAE Pl el o Fdnelipiak 1L o e ORL ABIHESTHG pl at e

w1 be tihinRethithath6nit O£ M Aheaf Atlﬁéﬁlaﬁlv%)?ﬂheftﬁi?(ﬂhh%ﬁféﬁictﬁé%]tﬂﬁﬁdié‘s?df-the—r he

reduced thickness of the mounting plate at "the |ocation of the higher

f r equencymeynding dlederrd hatrabslugerd endyyberraatbliasl, bt the fundekentabicaerant o r enove
mat er i al terpnative | at.e 25 start. w thin

h . ,
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pl at e "havi n r esonant ency er

oper at i ngfitieanuentys Mite ihaljistanadieRbentimdcaddidf tig st thaisaideal may be
added to bri nﬁ t he thickness u& to that required to match the fundanental
resonant frequenegther cnbpdimeifetheapambing plpts hasqlidereyt thiskpesnesrscloctedspadhdtve s

to di ¢ . s . o q
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casti ng dirstalddccundpransdssrsc dihce ulsiekadssiof tha mounting plare drefiamsuntPevidertied

metal s may. be used as materials for fabricating the nountin | at e.
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a different fundanmental resonant fréquency. These transducers are

plate will be thinner at the location of the higher frequency transducer. The reduced
thickness of the mounting plate at the location of the higher frequency transducers can be
made by machining a thicker plate to remove the excess material. Alternatively, the plate
25  may start with a thin plate having a fundamental resonant frequency matched to the higher
operating frequency of the transducers, and additional material may be added to bring the
thickness up to that required to match the fundamental resonant frequency of the lower
operating frequency. Another alternative is to die cast or mold the mounting plate in a die
or mold that is patterned to result in the desired thicknesses of the mounting plate. The die
30  casting or molding process can use aluminum or other metals. Powdered metals may be
used as materials for fabricating the mounting plate. Preferably, there are multiple first
transducers operating at the fundamental resonant frequency and multiple second

transducers operating at a different fundamental resonant frequency. These transducers are



WD 2011/ 060092PCT/ US2010/ 056265 5 arranged in an alternating sequence on
the nmounting plate. The transducers operate in thickness node and are
pr ef er ablwol2ongen®met angl es with the | engt h extendi ng acPaoIaSene/08i26&Nsi on
of the nmounting plate. In yet anotherSenbodi ment, an array of several
transducers is provided that has a 5 many different operating frequencies

w thin a range, of frequencies. The transducers be arranged in a
Sequence TROR RETAURREHE 5 RRRHITHE SO B BRTenc e B SHTERSECTa 0 ot her
non-  sequgRkh&k nfydc ARG SRBENRLRradby R kectallpl S vaIAE BRI eﬂt&ldirf%&%js‘:‘s@ngor use

with a tank that includes a transport mechanismto convey the parts to be
pr ocessedlifeanenaicthe mpuofing pletet ank to the ot her, thus subjecting themto

all the various frequencies,emtted b he transducers. 10The.features and
Sdvant ages. deatrhERHRR SReERiol R AraY ob R¥ald RARIHERS & nrovioeF nuPRist

parti gul ahin, diffeRyt @stditingOiauch@al witlds aanthcadaahades. WhktrahgduePRaif e t 0
one of ordinary skill in the art in view of the draw ngs, specification and

cl ai mshewspgcd Wy ssayence fiom G dewest ietha btabgstomarating Scpemgiragy inedgr pen-t he
specifi Cas%hlgﬁmtlg%?}?lggtgelﬁg WOGLRAITHX ¢ loﬂﬁltlegﬁj id 1%6%1%@]?)235% %/Etg 2 Mk that

instructio pur poses, and may not have been se el 1 neate or

15ci r cunsacluds - thanspary athanésns thjodety thetphss fo begotdssédirdmene lead oBthb eiankg
necessary to determ ne such jnventive subject matter. BRI EF DESCRI PTI ON OF
THE DRAW!RS other, thus subjegtingrthem tq ¢l Bhq vayiabsireausarishepiticd &y hetfpnsfucers.

megas@ni ¢ mul tpfrAURRGH] B&s%ﬁgéé Hl&cﬁﬂ’e%b’iﬁttﬁé@éﬁi%ﬁf%@&{‘&e 08t élhﬁlchrsﬁ\%Pﬂ{d
2 in the

r
i nventi on. eF| gure I's a top perspective view of a tank use
nmegasoni ganiduldrfy; egoe additipnd dessicngndybhetpolwillie gppasent dnevéntdiomy Fi gur e

3 is a bottom perspective view of the tank. Figure 4 is i de el eyati.on
i ew of tHO PR eX SEpe e Mg R TR N G deteRh MoroVef HBuld
be noted that the language used in the specification has been principally selected for
readability and instructional purposes, and may not have been selected to delineate or
15  circumscribe the inventive subject matter, resort to the claims being necessary to determine

such inventive subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is an overall perspective view of a megasonic multifrequency processing
20  system according to the present invention.

Figure 2 is a top perspective view of a tank used in the megasonic multifrequency
processing system of the present invention.

Figure 3 is a bottom perspective view of the tank.

Figure 4 is a side elevation view of the tank.

25 Figure 5 is a bottom view of the tank.

Figure 6 is a schematic view of the megasonic multifrequency processing system
and a sectional view of the tank and an attached megasonic transducer with a generator that
supplies driving signals to the transducer for creating megasonic vibrations in liquid in the
tank.

30 Figure 7 is a graph of frequency versus time of a driving signal used in one
embodiment of the present invention.

Figures 8(a) and 8(b) are graphs of signal impedance as a function of frequency for

an ultrasonic signal propagated through a metal mounting plate.



Figure 6 is a schematic view of the negasonic nultifrequency processing
system and a sectional view of the tank and an attached negasonic

t ransducewowntimeansgener at or t hat supplies driving signalPsTius2¢lesdé2sansducer
for creating nmegasonic vibrations in biquid in the tank. 30Figure 7 is a
graph of frequency versus tinme of a driving signal used in one enbodi nent
of the present_.invention. . Fi gures,.8(a) .and 8(b). are. graphs .of signal
"pedante. as. FTEUHOLE B ASITY BERARYPRURO TRt A eSO L Ghr A BH BB Agat eq
through anstiak pPhRsBt ifiSril BcRness WRI 204s40060092RGT HIS2AK0ARE 62650 bc

Figure 9 is a side view of one enbodi ment of the present invention

enpl oyi ngreguamaest i ng pl ate of uniformthickness and transducers operating
first and thiﬁq Qarﬂqniqdfrﬁ ue, cies.Iﬁ&gu5§ 10 is a side view of two
mount i ng pl at de8UEEUduE 95 YOG HAIERIAES anot her  enbodi ment of t he

present i nventmigircaNmé OYidBeicd SHdtHRBmBb@ELRNNEhE Grebii iﬁd&nﬁk@&@?l@%@t
transducer nounting |ocations. Figure 12 is a perspective view of the
nount i ng APAYWINGFPIEE haviag 1o thigkggsses atgrangduces mganinglpc@fons: nount i ng pl at e.

Figure 14 s aﬁr%g{hgeiz‘{é Eévfrgéecﬁ%tvﬁwoﬁﬁ?ﬂ}%kﬁ Qe otf'ifg%d?% gpent invention

enpl oyi ng 10a unting e having two IC sses ransducer nounti ng
| ocati ons. Figurkilgus &sillb viesv éf sidentitiggMatef anot her enbodi nent of the
present invention enploying. an Frr y of transducers. DETAILED DESCR| PTI ON
OF THE PREFERPESMENBHE NENTISW of anothier embodiment of the present invention employing

10  a mounting plate having two thicknesses at transducer mounting locations.
Figure 15 is a side view of another embodiment of the present invention employing

an array of transducers.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

15 The drawings depict various preferred embodiments of the present invention for
purposes of illustration only. One skilled in the art will readily recognize from the
following discussion that alternative embodiments of the structures and methods illustrated
herein may be employed without departing from the principles of the invention described
herein.

20 One aspect of the present invention is matching the fundamental resonant or higher
harmonic frequencies of a transducer mounting plate to the operating frequencies of the
multifrequency transducers mounted on it. The transducers have different operating
frequencies, either a fundamental resonant or higher harmonic frequency, in order to supply
a mixture of megasonic frequencies to the tank and the parts therein to be processed. The

25  transducers are thickness mode megasonic transducers having fundamental resonant
frequencies of at least 300 KHz. The megasonic transducers may be mounted on or
attached to the bottom or sides of a tank, or enclosed in an immersible container within the
tank. Preferably, the transducers are piezoelectric crystals or piezoelectric ceramic (also
known as PZTs), such as barium titanate or lead zirconate titanate, operating in thickness

30 mode. Matching a thickness-mode resonant or harmonic frequency of the mounting plate to
the operating frequencies of the megasonic transducers enhances the transfer of energy from

the transducers to the tank.



15The draw ngs depict various preferred enbodi nents of the present

i nvention for purposes of illustration only. One skilled in the art wll
readi |y rwoegniweostr omthe foll ow ng di scussion that al PerTnskovms6265
enbodi ments of the structures and nethods illustrated herein may be

enpl oyed wi t hout departing fromthe principles of the invention described
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could be affixed to one or nore sides of .the tank or imMmersed .in the tank.
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of shape having uniform thickness. For example, for operation at a nominal frequency of
25 1,000 KHz, the piezoelectric element would have a thickness of about 0.08 inches and the
bottom of the quartz tank 12 would have a thickness of about 0.20 inches. Transducer 16
and 18 and cleaning system 10 is just one example of a transducer and apparatus that
incorporates the present invention.
As shown in Figures 3-6, the transducers 16 and 18 are preferably rectangular in
30  shape and are arranged parallel to each other in an alternating sequence that includes several
of each transducer. Preferably, the transducers 16 and 18 cover a substantial portion of the
bottom surface of the tank 12, preferably at least 80%. It is desirable to generate megasonic

energy and transfer it to the tank 12 and fluid 14 uniformly throughout the entire area of the



20 perforated copper foil and an inpedance matchi ng adhesi ve.
Alternatively, the bonding |ayers may be conposed of epoxy or other
adhesi ve weeadifwnosdi e bondi ng sem conduct or chi ps to paekags:2eulsdieat es.
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away from the source of megasonic energy. As shown in Figures 1 and 2, the tank has a
weir 21 over which excess fluid and particles flow, and a pump 23 and filter 25 to
recirculate and clean the fluid.
The fundamental resonant frequency is generally the frequency where the
20 mechanical and electrical properties of a transducer can most efficiently transmit sound
waves. In megasonic transducers operating in thickness mode, the thickness of the
transducer determines the fundamental resonant frequency. For example, a transducer that
18 0.08 inches thick will have a fundamental resonant frequency of about 1,000 KHz. A
transducer that is 0.065 inches thick will have a fundamental resonant frequency of about
25 1230 KHz. A transducer that is 0.05 inches thick will have a fundamental resonant
frequency of about 1600 KHz. The term “resonant frequency” is used herein to mean the
lowest, fundamental frequency where the transducer as installed has a natural resonance,
sometimes referred to as a first harmonic frequency.
Structures like transducers and mounting plates also have natural resonances at
30 higher-order harmonic frequencies, such as a third-harmonic frequency that is about three
times the fundamental resonant frequency. A transducer may have both a fundamental
resonant frequency and a third harmonic frequency that are strong and efficient enough for

use in generating megasonic energy. Likewise, a mounting plate may have both a



18 are on the bottomof the tank 12. The waves propagate upwards as

i ndicated by the arrows in Figure 6 and convey particles cl eaned or
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resonant (first harmonic) frequency of the third harmonic frequency of a uniform thickness

20  mounting plate. A first harmonic of 1560 KHz would require a PZT that is about 0.05
inches thick, which is considerably thinner than 0.23 inches. The thinner PZT may be less
reliable in operation than the thicker PZT because the thicker PZT is more resistant to crack
formation and breakage.

By matching the fundamental resonant (first harmonic) frequencies of the

25  transducers and the mounting plate, the third harmonic frequencies should also be matched
or close to being matched. If the first harmonic frequencies of the transducers and
mounting plates are matched but the third harmonics are not sufficiently matched, then the
thickness of the mounting plate can be adjusted. By changing the thickness of the mounting
plate at the mounting locations of the third harmonic transducers, the third harmonic

30 frequency of the mounting plate can be correspondingly adjusted to match that of the
transducers. Increasing the thickness will lower the harmonic frequency of the mounting

plate, and decreasing the thickness will raise the harmonic frequency.



10 plate has a uniformthickness and the transducers 16 and 18 operate at
their fundanental resonant (first harnonic) and third-harnonic frequencies,
respect i webyoiifiseoser ansducers 16 and 18 are the sanme comsfrusetioong2e6bhut one
is driven at its fundanental (first h@rnonic) resonant frequency and the
other is driven at its third harnonic frequency. For exanple, a PZT that is
0.23 inches thick will have a first harnpnic frequency of 470 KHz and a
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transducers 18 are driven by another generator. Alternatively, the
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TG TR RAE Bet mh R E g bR TR lihe Bt I B
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shown i n thi giwee-fQuertytthingdiRersplcaiaee 38t Bean inighiaed.undament al resonant (first
5 harnonic) frequency of 470 KHz and a thinner plate 34 havi n]% a
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mounting plate for the higher frequency one tan start wth a thick plate

r esonancermweter hdlicstves tsreerimuer otheeproesssy transducers 16, and then machi ne
areas of the plate down to the thickness required for the higher-frequency
Cr anaducer s 18 MG EBTAT T A §lre s PO ARIBOIEI 6 116058 FEAE PRYE Ut fhe
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t hi ckness. The nounting |ocations 38 for the |ower-fr equencg/ transducers 16
have Yot heldmgrgedsisyean use aluminum or other metals. Powdered metals may be used as
materials for fabricating the mounting plate.
It is preferred that the thickness tolerance on the mounting plate be within 0.0005
inches of the nominal thickness that will provide the resonant or harmonic frequency
matching to the transducers. Tighter tolerances may be obtained by die casting or molding,
30 most suitable for high volume applications.
The invention as described above includes two groups of transducers, each having a

different operating frequency. But the invention is not limited to only two frequencies,

because the basic concept of matching resonance or harmonic frequencies of the mounting



A simlar result can be achieved by reversing the process, as shown in
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shown in Figure 7, the generator 26 can vary the frequency of the driving signal as a
function of time. For example, the frequency of the driving signal may vary linearly in a
saw-tooth pattern over a programmed sweep frequency range 30. The sweep frequency
range or bandwidth of the generator is programmed by a user and stored in a memory

25  device associated with the generator 26. The rate at which the frequency varies is
determined by the sweep rate programmed by the user and stored in the memory device of
the generator. The generator can be programmed to vary the frequencies of the driving
signal according to other functions or programs and need not be limited to linear functions
that form a triangular wave or saw tooth pattern as shown in Figure 7. The variation in

30 frequency can be, for example, sinusoidal, exponential, and other functions. The driving
signal itself may be sinusoidal, square, triangular, or other wave shape. The sweep rates

need not be the same for sweeping upwards (increasing frequency) and downwards



the handling of the parts being processed, yet subjects the parts to many
di fferent nmegasoni c frequencies. Reducing the risk of danmage from handli ng
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980 to 1QiAQ hitdtest resonant frequencies of a group of transducers. The sweeping frequency

function of the generator 26 covers that range of variance. The frequency sweeping

function can be fixed or it can be programmed to be variable as to speed (sweeps per

second) or range (minimum and maximum frequencies).

20 The present invention is not limited to mounting plates or structures that are integral
to the tank. The transducers can be enclosed in an immersible box or container and placed
in the tank. The box or container has one surface that constitutes the mounting plate, as
described herein, that is frequency matched to the transducers.

The application of the present invention is not limited to cleaning operations. The

25  same principle of matching the mounting plate to the operating frequencies of the
megasonic multifrequency transducers can be applied to other uses of micro-streaming of
megasonic energy, such as non destructive testing, or any other applications using thickness
mode transducers having fundamental resonant frequencies of at least 300 KHz. Matching
the mounting plate frequencies to the multifrequency transducers is an efficient way to

30  transfer energy, which create improved and stronger micro-streaming activity which
improves the efficiency of micro-streaming cleaning and other uses of micro-streaming.

Micro-streaming is a flow of energized liquid created by the release of ultrasonic energy



In such applications, according to the present invention, it is appropriate
to repeatedly sweep the frequency of the driving signal to ensure that at
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vari ance. The frequency sweepi ng function can be fixed or it can be
programmed t o fremhe ﬂmeeiea%lpﬁlon,slpé'elbw Bmeqm ﬂpﬁéthesewﬁdyl dtsplosedﬂg@el@m ni mum
and WBX|nun1frequ ne % t sent in i H} gl
mount i ng Y A& BYVeL %“%‘ﬁ G{Va? é‘%e‘}“ﬁ Rreediais 1?1”8%‘?% AR a?%ﬂ“l?. offdlizing a
tr anSGUCQﬁ&cl@eﬂrﬁ@ﬁe@d}cﬂl@&ﬁﬂlglpﬁaténThMégdl &isORXiopdiseRREAdndeles@mds pl aced in
the tank. The box or container has one surface that constitutes the
nount i ng perabyexcaplae yetiode andhembediments of thepreseaipaprtipnneiscigda o t he
transducef g .otig v ﬁRRé#%g@P with thd&t %@fﬁ%@ﬁ %dn”&{g‘hé QIHbﬁeJ‘&tva'r foflL 8&9
cl eani ng operati ons sane principle I Ng € noun |ng p ate to
t he operabnngwﬁh@qubpmhﬁgﬁﬁhrmbemmngﬁﬁ@aumlmuhmn&ﬁmqy&mﬁmftAamﬁdmgarﬂmcan

be applied to other uses of m.cro-stream ng gasoni c energy,. such as
non dest rdiRqsyes f é@? Pisgent grventign 6t1w§?§%iﬁs |bPé1§1tS.traH%e 3&1% linHlipgd s node

tr ansQUCeksy MO CRIIATRIGAL sEG8 AR AN EIRAERELGR,. Of at | east 300 K.

Mat ching the nmounting plate frequencies to e nmul tifrequency transducers
is an efficient way to 30 transfer energy, which create inproved and
stronger mcro-streamng activity which inproves the efficiency of

m cro-stream ng cl eaning and ot her uses of mcro-stream ng. M cro-stream ng
is a flow of energized liquid created by the release of ultrasonic energy
WD 2011/ 060092PCT/ US2010/ 056265 13 that is too weak to cause cavitation. At
frequencies in excess of 300 KHz, cavitations cease to exist but the
megasoni ¢ frequency energy creates a flow of the |iquid. From t he
above description, it will be apparent that the invention disclosed herein
provi des a novel and advant ageous negasoni ¢ processi ng apparatus and net hod
utilizing a 5 matched frequency nmounting plate. The foregoi ng di scussion

di scl oses and descri bes nerely exenplary nethods and enbodi nents of the
present invention. As will be understood by those famliar with the art,
the invention may be enbodied in various other forns w thout departing from
the spirit or essential characteristics thereof. Accordingly, the



di scl osure of the present invention is intended to be illustrative, but not
limting, of the 10scope of the invention, which is set forth in the

f ol | owi ngwol2ai ms0092WO 2011/ 060092PCT/ US2010/ 056265 14 WAAT/US1CA28ED | S:
1. A negasoni c processi ng apparatus cenpri sing: a first

pi ezoel ectric transducer having a fundanmental resonant frequency of at

| east 5 i a first operating frequency; a second

pi ezoel eg\g’%@kﬁgﬂm&gavi ng a fundanmental resonant frequency of at

| east 300 KHz and having a second operating frequency different fromthe
first operating frequency; a nounting plate upon which the first and second

transducers arle nouhmegasomtepreqssingapparpies cooptisiogi of the first transducer
the nounting plate .has a first thickness . .and has,a fundanent al onant or
harmon ¢ 1 eadeneorsapifinie il §IARE MRt BOUREPIRIRE ol E30RRCy
and wher e300 atz hiehd fighopdratiliefr&peand transducer the nounting plate has
a second thickness and has a fundanental resonant or harnonic frequency

subst anti al | y %geend piezackstricdepsducspbidang afdaaguehtoyonansfequenry atdpt ed t o
Saonte B ' ' . ey
oiate i GabIOfREZ08 LT RAERR e 22RO RE AR HATHE MBI, "

vi br ati orfsequondyhle tank and its contents; and a generator coupled to

the transducers for, supplying driving sigpals at the first and second
operating fr ecf’d@ﬂ‘élit%.pqaéeupon Wﬂlc@.tfl%ﬁrsé ia-14 tr%g\*‘é’éﬁ g dnquited wingsem

wher €N L ehd bl athon PP Asiardsli R BIAGH ﬁtin&ﬁ)‘?at%héssé filsl ARGAEGShd s bt S
fundanental resonant frequency, an \/\%er el'n the second operating frequency
of the sdondmhndntamssduaeor hermdnse frbquedcharbsaniidly eqgliertby first operating

frequency, and wherein at the location of the second transducer the mounting plate has a

second thickness and has a fundamental resonant or harmonic frequency substantially equal

to the second operating frequency;

15 a tank adapted to contain fluid and one or more parts to be processed, wherein said
mounting plate is operatively coupled to the tank so that the transducers provide vibrations
to the tank and its contents; and

a generator coupled to the transducers for supplying driving signals at the first and
second operating frequencies.

20

2. An apparatus as recited in claim 1 wherein the first operating frequency of the
first transducer is its fundamental resonant frequency, and wherein the second operating

frequency of the second transducer is its third harmonic frequency.

25 3. An apparatus as recited in claim 2 wherein the first and second transducers have

substantially the same dimensions.
4. An apparatus as recited in claim 2 the mounting plate has a uniform thickness.
30 5. An apparatus as recited in claim 4 wherein the uniform thickness of the mounting

plate has a fundamental resonant frequency substantially equal to the fundamental resonant

frequency of the first transducer.



253. An apparatus as recited in claim2 wherein the first and second
transducers have substantially the sanme di nensions. 4. An apparatus as
recited iwochaimw®2t he nounti ng plate has a uniformthi ekmas201088&65 An
apparatus as recited in claim4 whereisn the uni formthickness of the
nounting plate has a fundanental resonant frequency substantially equal to

t he fundanent esonant frequency of the first transducer. VO .
D011/ 080005 PCH- USb BT0N B5bsus ! i el v Rorrind A wi S ISR Ess of amovtiogai m 4
wherei n thige UAd § iR HaRh6iD @R Guicy tsISstamidNy bhghl RS Bc8hiRdBarthohll ﬁéhTuE%mﬂi c

frequency substantially equal to the third harnonic frequency of the second
t r ansducehe s&pnd mansdppar at us as recited in claim2 wherein the first

t hi ckness of the nounting plate has a fundanental resonant frequency
substantially equal to the fundanental resonant frequency of the first

transducer, anmd MhepRirdtud HeresSiHOR ] difi XWhasH thé fitdhehicgH sMBe Ploghendas a
third harnonic frﬂg}guency substantially equal to the third harnonic
f r equencyPlgf hanhe fusdamarfak resegatidequengysubstantially equgl tapbafuadamenisl reediapled in

claim2 f 1S I Y [ E urality
of seconﬁqﬁlgﬁggfﬁfg er§%5§ggllgsga%ég’a%§%%%¥lg c'?lféter Jreéé‘g‘{e%ﬁ%kﬁgﬁﬁogqﬁ%%ﬂ@?ﬁlé%éﬁgt ein
al t er nat ilag askigliena®niclfoQuedsy sippattiillyscqasl to elad therd harmaliatroguenahef thicn t he
first operating frequency of the first transducer is its fundanental
resonant SEFEWUERECChher ei n the second operating frequency of the second
transgucer is its fundanental resonant frequency, and wherein the
fundanental resonant frequencies of the first and second transducers are
different. 201X0.Alapmppas at gsitalsinrcéeint2eirther wingirmin® aybleradiynoft fivst f i r st

t hi ckness of .t he untin | at e s a, fundanent al, resonant .frequency.
subst ant FEAPPCEER AR IR Y Qf SRR S cP s S R ISR AaEes N ERkampr e
t r ansduceilate #N&tdRRIGIsBqidABe. second thi ckness of the mounting plate

15 9. An apparatus as recited in claim 1 wherein the first operating frequency of the
first transducer is its fundamental resonant frequency, wherein the second operating
frequency of the second transducer is its fundamental resonant frequency, and wherein the

fundamental resonant frequencies of the first and second transducers are different.

20 10. An apparatus as recited in claim 9 wherein the first thickness of the mounting
plate has a fundamental resonant frequency substantially equal to the fundamental resonant
frequency of the first transducer, and wherein the second thickness of the mounting plate
has a fundamental resonant frequency substantially equal to the fundamental resonant

frequency of the second transducer.

25
11. An apparatus as recited in claim 10 wherein the second thickness of the
mounting plate is less than the first thickness of the mounting plate, and wherein the second
thickness is formed by removing material from the mounting plate.
30 12. An apparatus as recited in claim 10 wherein the second thickness of the

mounting plate is less than the first thickness of the mounting plate, and wherein the first

thickness is formed by adding material to the mounting plate.



has a fundanental resonant frequency substantially equal to the fundanental
resonant frequency of the second transducer. 25 11. An apparatus as
recited iwochaimw®@ wherein the second thickness of thepPoomstomgs@bate is
| ess than the first thickness of the Wounting plate, and wherein the second
t hi ckness is formed by renoving material fromthe nounting plate. 3012. An

apparatus as recited in claim.10 .wherein. the second thicknpess. of the
oot ing phat A ST GYE YRR TP B oL R SSE PGP MR RG0! at e, and

wher ei n thgsdiceatant Qiéﬂﬂﬁﬁﬁﬁfsofis&d(n‘artfﬁﬁgd&&@m RonsABEES hiddnged oh g MBHIHNY
pl ate. WD 2011/ 060092PCT/ US2010/ 056265 16 13. An apparatus as recited

i n cl ai mdate i ellesnatingrspauesicqlg a plurality of first transducers and a
plurality of second transducers, said transducers arranged on the nounting
plate in alternating sequence. 514. An apparatus as recited in claiml

further conpriisi ngh zﬁﬁidtﬁm&bcitddaﬂ%IiﬂﬁElrﬁﬂh@*ﬁoﬁﬂ)r@infglaﬂdﬁiﬁﬁﬂttﬁdnsJh[c@ﬂ;uenCy of
at |l east 300 KHz and each having an operating frequency different fromthe

oper at i ndiavmeguianéymeralifirguencre at leayis§l ddizand cach having gn opgiatiiighar at us as
recited 'f?etq%&?t'ﬁre’ﬁif%rfe A 5!t & ?athfgfaf?eg@gﬁcﬁf SF R Gl L ANGed . N a 10sequence

started w operating ency and progressing to the highest
operating frequency. 16. An apparatus as recited in claim1l14

further conprising a transport. mechani sm for noving the parts to be
processed t hr ogH'? FRPAFUMAESTECIEGHP §¥im i Aevhsssin dhe tEngilysest are ALanEsH 1B di ded by

each for ark%ﬁ%lf]gé started with Hfe lo@%st%@ﬁﬁiﬁ 'ﬁ%qﬁ‘&c&%ﬁ% gf%%rés%in‘é k@i lﬁ%ﬁ’gg@r ein the

nmounting p I's Incorporated rnto The tan n-apparatus as recited
i n cl ai mapéranhefiequerichie nmounting plate is integral with

16. An apparatus as recited in claim 14 further comprising a transport mechanism
for moving the parts to be processed through the tank to subject the parts to vibrations

15  provided by each transducer.

17. An apparatus as recited in claim 1 wherein the mounting plate is incorporated

into the tank.

20 18. An apparatus as recited in claim 17 wherein the mounting plate is integral with

the tank.

19. An apparatus as recited in claim 17 wherein the mounting plate is attached to

the tank.
25
20. An apparatus as recited in claim 17 wherein the mounting plate has a uniform
thickness selected so that the mounting plate has a fundamental resonant or harmonic
frequency substantially equal to an operating frequency.
30 21. An apparatus as recited in claim 17 wherein the mounting plate has more than

one thickness, wherein each thickness is selected so that the mounting plate has a

fundamental resonant or harmonic frequency substantially equal to an operating frequency.



t he tank. 19. An apparatus as recited in claim17 wherein the
nmounting plate is attached to the tank. 25 20. An apparatus as
recited iwochaimwo®dZ wherein the nounting plate has a uniPCoruseatoiosdesess
selected so that the nounting plate hd&s a fundanental resonant or harnonic
frequency substantially equal to an operating frequency. 3021. An apparatus
as recited in glajm 17 wherein the unting plate has re.than one

Chi ckness, wherei h BRERIYsIRrIedan cbie d Wetel Rmp e e AHES oG B at o
has a fungdapgpRtal resonant or harnonic frequency substantially equal to an
operating frequency. WD 2011/ 060092PCT/ US2010/ 056265 17 22. An
apparatus as recited in claim1 wherein the nounting plate is imrersed in
t he tank. 23. An appar.atus as recited in claiml1 wherein.t.he
generator supph & tinary BrRGRUST Rl I SSh SR b hotiBSHES BB ughou
a freguenghalsang&atifielt ficGedndd @fobfRouR Blegldndy rdrge due itllRs de dfdtating

t ransducers. )
frequencies of the transducers.



