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WD 2007/ 109255PCT/ US2007/ 006885 MEGASONI C PROCESSI NG
APPARATUS W TH FREQUENCY SWEEPI NG OF THI CKNESS MODE
TRANSDUCERS RELATED APPLI CATI ON 5Thi s application
claims priority fromco-pending U S. Provisional
WAppbT/gaeison No. 60/ 783,213, filed March 17, PRODES2007/006885
entitled MEGASONI C PROCESSI NG APPARATUS W TH
FREQUENCY SWEEPI NG and U.S. Patent Application
entitl ed MEGASONI C PROCESSI NG APPARATUS W TH
FREQUENCY SWVEEEPI NG OF THI CKNESS MODE TRANSDUCERS
filed March 16, 2007 and invented by J. M chael
Goodson. 10 These prior applications are expressly
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all the transducers.

DESCRIPTION OF THE RELEVANT ART

Megasonic processing involves generating and using high frequency energy at
frequencies above 300 KHz. Many megasonic systems operate at frequencies at or near
1,000 KHz, or one megahertz. 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
semiconductor wafers and disc drive media. Such a megasonic cleaning process mvolves
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 are used to generate the vibrational energy. A generator
sopplies an alternating current driving signal at the resonant frequency of 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
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30 piezoelectric transducers are used to generate the
‘vi brational energy. A generator supplies an
alternating current driving signal at the resonant
frequency of the transducers. Megasonic transducers
operate in thickness node, where a piezoelectric
el ement is excited by an alternating current driving
signal that causes alternating expansion and 1

. 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
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in thickness node vibration of at |east 300 KHz; an
unpressuri zed tank adapted to contain liquid and one
or nore parts to be processed, wherein said one or
nore transducers provide negasonic vibrations to the
contents of the tank; and a generator coupled to the
transducers for supplying -a driving signal at a
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25 thickness-node negasonic transducers will equalize
t he megasoni c energy generated by the transducers
and wi Il cause the transducers to performin unison.
This results in a nore uniformdistribution of
megasoni ¢ energy and i nproved performance. The sane
i nproved negasonic energy uniformty and
. [ |
eI LL DRy kB8 oG RoRPoAGLE b ling B flrcal esonan
fregnehczs bl the tooe®ses usi ng 30 negasoni ¢ t hi ckness- nod
transducers by sweeping the range of resonant -
frequenci es of the transducers. The frequency ‘
swe dpiamgle pmbodissntswanlpreavidee resgheni prdvessini fappagfius dnd method
r soni : S .
raf B PR e fr A RREE R R REC RS chirah 1 Bn S5 RS iogasonic
frénegisemeycesTHS 00 Kégus megaseme gpiengprppoaiessit al so
i nproves the uniformty of 3 .negasonic energy
t hroughout the tank or other apparatus because each
transducer operates at its resonant frequency during
at | east part of each frequency sweeping cycle. It is
expected that any application orprocess using
nmegasoni ¢ frequencies will benefit fromthe uniform
di stribution of power created by sweeping the driving
signal through all 5-the transducers' resonant
frequenci es. A key to optim zing efficiency of
a megasoni c process is to have uniform energy ,
t hroughout the radiating surface being excited with
megasoni cs. To do this, preferably 80% or nore of the
area of the radiating surface is covered by
t hi ckness- node megasoni ¢ transducers. Furthernore,
each negasoni ¢ transducer produces consi stent
nmegasoni ¢ LO energy by sweepi ng the frequency of the
driving signal through the highest and | owest
resonant frequencies of a group of ‘transducers. For
best performance, each negasoni c transducer needs to
be energi zed Substantially the sane as ot her
megasoni ¢ transducers bonded to the same surface. To
achieve this, the driving frequency is swept through
the resonant frequencies of all the LS transducers.
Sweepi ng the resonant frequenci es of megasonic
transducers drives every transducer at its resonant
frequency at sone point in each cycle. This creates
uniformty in transducer performance not previously
achieved in the industry. In addition, frequency
sweepi ng of negasoni ¢ transducers reduces a "fountain
effect" observed with fixed-frequency negasonic
transducers. The fountain effect is ).0 thought to be
caused by a transducer operating at its resonant
frequency with a fixed
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- fhe transducers. The frequency sweeping process will also extend the life of the

frequency driving signal, which produces a
significant up-surge of liquid in the tank above that
transducer. Sweepi ng the negasonic frequency driving
signal ensures that any particul ar transducer wl|
not be driven continuously at its resonant frequency,
thus elimnating the upsurge associated with the
fountain effect Instead, the megasonic S energy is
uni fonnly distri-buted throughout the tank because all
transducers are operating efficiently at their

resonant frequenme at , sone . 0| nt r'n '-
megasperc e PO} gl e R A i
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perspective view of a t F’g in,the ne as%n%r

subrpfgse.SEFERY O BPY PEHP Léﬁ B e FIRRS equency
sweep. The effect of grouping transducers is to proportionately increase the amount of
time that any particular transducer is operating at or close to its resonant frequency and
thereby improve efficiency. -

Example embodiments can provide a megasomc systemn that includes one or more
piezoelectric transducers and one or more megasonic generators coupled to the
transducers for supplying varying-frequency megasonic driving signals at selectable or

programmable frequency ranges and sweep rates.
When a megasonic process is used, for example, for cleaning silicon wafers or

. disc drive mf;dia, sweeping the driving signal throngh the resonant frequencies of all the

thickness-mode megasoni&cltransducers will equalize the megasonic energy generated by
the transducers and will cause the transducers to perform in unison. This resultsin a
mote unifonn distribution of me;gasoni_c energy and improved perfcimance._ The same

improved megasonic energy aniformity and functionality can also be achieved in liquid

~ processing, non-destructive testing, medical imaging, and other processes using

megasonic thickness-mode transducers by sweeping the range of resonant frequencies of |

megasonic transducers because it is less styessful to the transducers than opcraﬁﬁg ata
single fixed frequency. The frequency sweeping process also improves the uniformity of
3
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Figure 3 is a bottom perspective view of the tank.
Figure 4 is a side elevation view of the tank. Figure
5is a bottomview of the tank. Figure 6
is a schematic view of the nmegasoni c processing
system and a sectional -15 view of the tank and an
attached negasonic transducer with a generator that
supplies driving signals to the transducer for
creating meg-asonic vibrations in liquid in the tank.
Figure 7 is a graph of frequency versus tine of a
megadSdi¥ b e HEGRnoHEBE tink of BlicEaiREinistoant chiterprsds@nt
Invention. Figure 8 is a qragg of.freﬁyenc Ver sus "
operatds ab ith respptt deavenay, durngalieast Rt of ok f5AYRErY sy eepmg cyele.
it is €RPROH RN nyOpplifRioR o8 fRBEss B Thigasoridfredticabies ill benefit
sweep-period 1s the sanme n Figure 7. .Figure 9,1s
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the tesBRALS Mot Me@Bplider enbodi ment of the present,

Invention In which the sweep rate is the same gs in
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E BWin B SRciEARVEE méadsbus. Do ab efis, eeeferably
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80% 1 homstafabe eea ohthy radipesKfpret Py kngsripode megasonic

trans&ﬁ%@gi. I hEGRG0 AEL feSBohidGrahodlceibrBGu i S64kiH R Mndphdtinic
alternative enbodi ment's of the structures and netqods

energy|bly ssteepingdhehizeasiencoirfy e A ERg Stepedhireh B‘mh@&‘ﬁ%‘?‘iﬂi Agest
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| e aspect of the present invention is . a
© migabestineriprornsssioply MERIARIEIARSEIET PReCH b EAFrEiEda

s'ubst%ﬁ.&ﬁ?i’ﬂej: SarfENS R Yregidnlt: RarRQG-BGHRABY & S8R&Re surface. To
requen0£_[an e and a progranmabl e sweep_rate.. Th

achieyeiess the Byavcanyts ot e - s9a} SETSREFEE U the
transducers. Sweeping the resonant frequencies of megasonic transducers drives every
transducer at its resonant ﬁequéncy at some point in each cycle. This creates uniformity
in transducer performance not previously achieved in the industry. )

| In addition, frequency sweeping of megasonic transducers reduces a “fountam
effect” observed with fixed-frequency megasonic transducers. The fountain effect is
thought to be caused by a transducer operating at its resonant frequency with a fixed
frequency driving signal, which produces a significant up-surge of liquid in the tank |
above that transducer. Sweeping the megasonic frequency driving signal ensures that any
particular transducer will not be driven continuously at its resonant frequency, thus |
eliminating the upsurge associated with the fountain effect. Instead, the megasonic
energy is uniformly distributed throughout the tank because all transducers are operating
efficiently at their resonant frequencies at some point during each sweep cycle.

Frequency sweeping is far more dramatic with megasonic frequencies than

ulirasonic f—reque:nciw like 40 KHz. Improvements in power distribution of 500 to 700 %
have been seen with megasonic resonant frequency sweeping and this means substantially

‘better processing.

| The advantages described in the specification are not all inclusive, and particularly,
many additional advantages will be apparent to one of ordinary skill in the art in view of the

drawings, specification and claims hereof.
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gasoni e eﬁ%rgy I's supplied to the cleaning liquid

14 by one or nore negasonic frequency transducers 16

affi ’iﬁﬁ'ﬂﬁ]%ﬂ“ BN PTION GHEHBPREFERRED EMBODIMENTS
Al ternatively, megasonic transdycers cou i o6Eon £
to OFfe doawimes deRiFtNEEIoBs W%Fé‘eafﬂl%"g’rm?“ﬁ%%%r ‘5% Fﬁ*‘%{tg%‘?é("ﬁthm o
uﬁﬁét y | ¥ity. L Ofc §BNAESAflicart wilhsadilprecogoipgom the
ezoe1gct§@%helé%ent_ PZT) .18 adhesi vel 0
. 5; O{] : b o ftFu(Xm‘ et§5ds
fotlowimpaissession tehaliFraaiive FRbefien STTIEon car bi ﬁg I
i i NGhnis|@Byiowt Bepasiitd fom thaptindplepbithe invention
i ] B ISy
described herein. '

One aspect of the present invention is a megasonic pmcessi_ng apparatus and
method having a megasonic generator with a programmable sweep frequency range and a
programmable sweep rate. The sweep frequency range is the range of frequencies or

| 5
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WD 2007/ 109255PCT/ US2007/ 006885 bonded or ot herw se
attached to the outside bottom surface of the
cl eaning tank 12. Preferably, bonding |ayers 22
between the silicon carbide plate 20 and the tank 12
vepdoobeiseeen the silicon carbide plate and t h@®CT/US2007/006885
pi ezoel ectric elenent 18 are conposed of perforated
copper foil and an inpedance natchi ng adhesi ve.
Al ternatively, the bonding 5 |l ayers may be conposed
of epoxy or other adhesive used for die bonding
sem conduct or chi ps to package substrates. The
pi ezoel ectric el ement can be square, rectangular, or
- a.circylar disk, or other I neL: Wni £ Ve ONE OF
bendpifBRLNG WG, DR PR §55 R Cue iRl Sabiio dive on
mord Feeuiec Yhickncts B0 @elfizocietidc piaasinetre et i resopmat ffeqygncies.

woul d have a thickpess qf i
The gyvespals 13 mu&{i)eﬁ Pgﬁ’é“‘ﬁ 81&: gl ﬁ%&t%&e%&%ﬁa?g %eeét ?@ro?]ago.nd-
ab@u nReddnicphestoranefetohty iodniom ehtoler ausher onzling

12 woul d have a thickness,of a . ' :
devigs WiHR girans topdlox gy u%efré%ﬁcfﬁ?% még}rso%ga% T% 'S % usJii o Be ot
bandR%Naiiing thé sv@eeﬁarhraﬁﬁﬂﬂﬂﬁrdrm sigehur Blteusset ingiits one or more

i ncor por.at es e present invention.: ‘o
compingfipnsoisweer fRaN Y Ratks and ey r%%é“‘éﬁs?ﬁ%ﬁm ?e‘m ofthe
gendr@6k. AN ibeierat oy geinarees hid angutite dniviag giguelpaperiing|to thg sweep

each_other. Preferabl¥ﬁ?ﬁﬁe %r Q§ducers 16 cover a
frequensy Fafecianf SPEFR F8HS3 W BEPOm surface of the tank

12 whdeksen abh Vieahingapplicali6fsfort ¢xainplel gy megsisenic piczoelecttic
gener at e asoni c, ener t iy 1 aifosed i
wang O (PP DY B AYs O it IR S5l o il ilfosed in
an iRinciile Sunhmes withinthi tinkt [Fbe swaeniok fFequeng gefegator may be used
attached., Coveri ng .a _hi . : h
B T i S
tranbdiRbrstdepiengaanns crysabyrqpidzpelngtic peianis Glsotkeoppgs §213). such
is relativel ni form,. ' | ar diff
os bpEn TP AT A s, R RS Rh s ! Bl differens
swesSpl Ritts R GwRYS fregharcly margeb invdhe esm@UroggSsangdr SYPReA RIS of

generator 26. The generato | FTESHDY. a
SOz HAFLs ?F\‘F’Bﬁ%‘i"?rﬁ‘“bgr% ‘?nﬁ‘p?ﬁfmg P‘Z‘gh(%%?%@gkz 810 %gt t he

SWeg Befibefiieneseps singfenrentpoiine diiving signakis inapeapatpginge the

of the drivi si gnal out.put . :
messgS Srce Pt DGLENE R B8 SB betiirhl TIEAREEAL R inaidhn veer
inteiBcd thiaCiaREss cmoer moetinpiiaeviapp Middskopes gials, safigae,

t he transdycer .t xpan Gt ' o) -th i
keyl‘i’??ééegr@é}ﬁﬁﬁélis?fﬂg%éﬁa *¢6h oﬁ‘gg? | ons&gﬁ{g O_tﬂr%ggr]};siﬁgt Cod o permt
2 udePtcuig b sivbe Beduenoy rage bi bedvdébraeowhizh thamgpnerine opprates and

to the fluid 1 n j i ihadARK Shelnge.
alsq {9 sef @ﬁ‘?’%ﬂpé?"etﬁ%&?’é‘q‘n‘g‘g g%gr{?tgélg}' e aencyélﬁiﬂb Fgﬁons ar e
Thedniidls foyndee proxpatalinge swedy freqnensy Hage frbivemRaaigmay be

iranzpuggrs 16 are on the bottomof the tank 12. The
an l%ﬁ pagat e upwards and convey particles cleaned |

or Aepavat mFifoeml t6 @ne binbedimentof the present Amyention js@ Gleaning

& essefl kg | fanik 1 8 20k3%ingd Ncl¥ilisd1iplie besolution
ﬂmFQngﬁ?f“W&@gﬁ%ﬁ?m%%%g%gﬁggmaytfron1ﬁﬁ% spurgg.%f e
14 SRDESTIntore pédegy 15 Asbs temwedi Me;gaw@gnqggaﬁ@u@hqiﬁg the cleaning
liq&ig q5 blgr%%e B iord m%lgaé?)\ﬁ% ﬁ'gquency transducers 16 affixed to the bottom of the
tank 12. Alternatively, megasonic transducers could be affixed to one or more sides of
the tank or immersed in the tank. Preferably, the megasonic transducer l6hasa
piezoelectric element (PZT) 18 adhesively bonded or otherwise attached to one side ofa
siticon carbide plate 20. The other side of the silicon carbide plate 20 15 adhesively
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WD 20071109255PC T/ US2007/ 006885 whi ch excess fluid
and particles flow, and a punp 23 and filter 25 to
recircul ate and cl ean the fluid. Resonant
frequency is generally the frequency where the
weehanioei and el ectrical properties of a trZ6TAREWF/00688S
can nost efficiently transmt sound waves. In 5
nmegasoni ¢ transducers operating in thickness node,
the thickness of the transducer determ nes the
resonant frequency. For exanple, a transducer that is
0.08 inches thick will have a resonant frequency of
about 1,000 KHz. A transducer that is 0.065 inches

Kk will
vl v S8 REPURR AGRHGRA S ot 12
Profialy, bordbsphpert 22 ﬁseme@ncﬂye sel‘lccaibmhldngt? J0-pnd thee ek d 2 gnd

‘re ong nt 10 f t '
ey S R SHHETIEN el E 8 s esyptas o
perf&&tddﬁﬁppérl faill alhsn snprdpoveahatcbingrdhrsive. ‘Alternativgly, the bonding
laye{sstrf?x%i %gcgg%cgb% 06%%5) Sf%@ oﬁ&;' haﬁ:sfvrc%gécp%? Qe I;@Mh{é%eﬁnconductor

nches has a fundanmental r€sonant
chipb teparkagysubbtrdke)00 KHz. A tol erance on the thickness

of .such a transgduce f
e SRR Sl st QpRledftbhbalt o baphia gl b omer
shapge/teRingaiifdrm shisleneas.r Brsomamplet farcppersipn vha eminal gpquency of

1 00%]%%]%@%%8Fz%%%dﬂc gi %ﬁ?la%@bﬁg vl Lﬁgﬁéa}eg’; oftdbBut 0.08 inches, the
silicsalchdidegdate 20 vambharefeemoknm orf@b@ﬁ&rﬂt!? mfﬂmﬁumﬁ*ctge boitorm of

Eve ough r and
the GERgBH: Hovp Ui baFs TGRS Srbbafh 2p BERCS TRl 16
cleaﬁﬁ!gﬁsyﬁtemdmaﬁjusf owqmnm}e of 1 pasduprsud aerayptiom fiat incorporates the
erance standpoint, it is i mpractical. However, the
panp Rl J sweepi ng of the present invention 20
ov eftm it i girestss 6 bk dransducers 16@reprefyaitly segéangpley jpshape
present inve |on t Rt ibstantial
taﬁe (? Ry aﬂel ilcht (ht{lg'a Pr%ﬁi%ﬂ{[, N R afdRIMEES Yy

rough t esonant frequencies
portﬁxfn @ﬂthe bmom smmwehq;taw; $2.mirpiprably wieast 80 Iiig degrable to

t he [ l e
bt R Sy o FERIAIER B T2 ABERR: L st
throuk@it glllmd:ttnrct ma pithle suffapestol whiclBrtrapaducsesc 1%@@ aftarded.

thlckne &4
ol Ao AL R P s i

ensiitegtiiatihie mégakoriic endray B‘pmﬁamdntg thﬁﬂwa& Tria relm‘feé!cwpm
The, even di stribut led
TSRl YRR 4L ERL PR 60 Bt
ovet elestsicalreiser Ry 4 pregremvills soferaive 26 Aha genceyter 26 is
propagkne adva”pﬁg& Of uded i 8§§1@érfac9;~ﬁ_§@$ Qhd Swdepateqhdney

ances I'n he Tesonant
ranger mq:tmdwuh}s af thetsweep e dﬁ'@lé ﬂ@“%ﬂ@i ARIEEDY the geagrator.

%%Q?‘iﬁé frg%.le‘hbfgfegéﬁﬁéga trah QAEE YpkraAdsGn MhiBkd¥sZ @@ de such

ransduce xactlz thé same resonant
thatfap@hﬂrémiyagm tdush Bieranisdpaer feexpand apt ednteg) infbigkpesst These

explarrlls(i&ns%ﬁ%ﬁgg‘ctn)onﬁ Qlléttraxﬁl%ﬂtédr{%u%ﬁ %&slmdn cagﬁdéflﬁ@nator 20 and

vartrances tromthe adhesives or "other binder
tankri® 6y thalfeid teand rdnm@a h$ in the tanjp As shown in Figure 6, these

megzagggi/ ]f(r)eq%gr?cp gﬂng§gx%oaye %9%%' horizontal waves 17, provided that the

transducers 16 are on the bottom of the tank 12. The waves propagate upwards and

convey particles cleaned or separated from the objects 15 in the tank. Thisisa processed
known as micro-streaming, in which there is a net movement upward, away from the
source of megasonic energy. As shown in Figures 1 and 2, the tank has a weir 21 over
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- transducers because any variation in thickness
creates a variation in frequency with thickness node
appl i cations. Sweeping the frequency of the driving
signal according to the present invention
g canimdsd es such inevitable variations. Sti PCT/US2007/006885
anot her advantage of the present invention is that it
reduces surges of fluid in 5 the tank. Wthout
sweeping the driving signal, the transducers at or
cl osest to the frequency of the driving signal tend
to create a powerful upward force that pushes the
fluid upward, sometinmes as much as two i nches above

.the surface |evel . Such surface e
oS ER i et BT G 25 AR o
thefidigid as it is recirculated, which can interfere with

t he negasQni ¢ process.,, Surge .

o Btren Foairaty Pagaeote HEadl P R Ed®,
electiid® @bpertibslofattanstudencat mbsttefii¢ibatlypesmitcruahaaes. fhe
people in the area, .e cially.if t I @
meghiopeF GrguttE R REG I drra i e? e driincer
deteHhingd e rSicand fragubdtyt Fer prangsiata transdwrter tat isddifciaghes thick

..these probl ens. in, Ei Ty 1 .
wil ek ebonacs opigme e it 1 DG R 1 Gt Ber '8 065 inches
thicls Wil BhveaBresordaunféduencyodf dhonel 230d<Hex Arntpineducehidal is 0.050
. frequen of the driving sSi I ' |
inchp, TS PG TR IT 9 BYaIo AOBP L oy TIERA ockin
freqhdRYU &@Ed harieto3feanhiad lowest, fiwismehte! freponesnwhere the

f r equenci 1 of all, the gasoni c transducers 16.
“mﬁ'&g%ééeﬁaiﬁé&ﬁéﬁ% ARGE™ 6T bandwi dth of the _
geperstited absreps pigrarievtit transduces bpvinpd thicknesgiof (030 inches has
nory .devi ce associ a ' t R&GER BknekO6F such
a E’F‘ée“ o f?eﬂgcrfciy é’%ﬁg’r‘?@dﬁ%rfﬁgg |s§%g%g{ertﬁ% ned by smeha
tranédi@eShB eysi grifieanpeffent amiicrebynanhGequeaey. af dhisknsse varjaion of

t he .menory devi ce of, the n I :
o0 RO oo GRR IR hAREEof 7o KIR, POBRIR! G0 major
surfBkeels \Gif B tSdr@ivader stombd ok flap and cotpferar,foyh ety vamaness can also affect

rogra and need not .be.limn ' f for all
L e
tranSRAR tb Ratd guicty the siine resanamttiiagoenay, frompupamnfacuingielerance

for, exanpl e, sinusoidal, j . ent invention
s TR e R R RSN PR B etent e
oveftbfii¢es thiglabstacdguar e, triangul ar, or other wave shape.

The_ swe at es.need naq : '

B e
drivisled pea shroagh the gesenantfreqRereficsrafisllythe transduesey distainigs &y sound

wavtség tﬁ%t 0 uonb etée g‘fansgg&lfrg d’fhlg thakggp fpg ?S?]]gp ltd ﬁfﬂr_e rs§§§tanﬁally equal

ener at or S-UFS_ 0 derl%
meggisgiiaknergy througHomt the tinka iThigisdppitantibeeyse Sethickngss-gnode

be best cl ' ' o
oo sy et oo

. tanlpeith ditilespreadidy inHatedd directionsiuThe evardigubetinnafaeggasgpic energy

S| A 209912 SOLEMNAE Sa PRQHE AR A Tow 48 Plsbiidn® Sre: i
cmﬁ’ﬁgq’g’patc r‘?ﬁ%‘g{’%%ﬁ @&%teque%% and sv@ep% t hrough A
of thditransiinegsiency within a defined range. For best

resyl s, 18 drd Vg L EqUenGYof AinkiSt SUBRImddl Wlbraices in

svxe“g’bmf’éérn&gé'a%tﬁgﬁ%tggp{eé’%g to 3é?1’sure t_hat t he resonant <
the fesonart feyuedcidshf thertarsdunsey:. Resfosepres iekest ifogriances of the

repeatedly. A 9 . VO 208y 9%&3?@ ée}sJﬁi"EQQ}ycﬁ @RSame resonant
res%ﬁ‘e&ﬂ“&‘ yﬁ%“‘ﬁ?‘é‘%%%t&flén%se |on&%-s that 1t ?educesﬂ i
frequbecydilthap nefifsies sarincescebiheugh 4t incgepsed gostl bytiavey then there
cyc even If 1t changes wt
time, provided that the sweep range or bandwidth is

wi de enough. Conmmonly, nultiple negasonic transducers
16 are used for a given task or

. th t fi - ol -
wi Sef%gr‘f’egy(a&a?ge& 312%1% adinFesggéé%}%é} b_u%?ﬂl Eh@ﬁiﬂ&?ﬁ)rmb&lt the
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5 process, in which case it is cormmon to drive al
transducers with the sane generator and driving
signal. Were nmultiple transducers are used, however,
there may not be a single optinmum frequency due to
wezoboroyessce vari ati ons and manuf acturi ng tol @CEMEEG7/006885
anong the transducers. Production tol erances result

i n nmegasoni ¢ transducers havi ng resonant frequencies
within a 3% to 4% range. For exanple, at 1000 KHz, a
4% range woul d be 10 plus or m nus 20 KHz fromthe
nom nal 1000 KHz, or a range of 980 to 1020 KHz.

In such applications, according to the present

ihvention, it is. L opt i at epsal
ot R BhE ot PR Ry B g i Eaett th RApef i
thickiR8Sinod@applRhtibize Sveeping e frequencietihe ﬂe‘;ing smhwﬂglg to
at or, near its resanant r. - er to have
the Epel EP SRR TR B per i ER eatlfof

dte at or near Its resonant o
f r ggUeRGther Adengen ef Bepressudspmtichistghit 1gluges surges of fluid in

predet.erm ned swe fre y i i
o BREC S RO TSER oL AR o st o
ﬁ'eqfﬁéncgfof ﬂited:gﬁﬁg pigndt tbﬁ(?ns:ﬁhatﬁea powdiifid upwarhfonep that pushes the
frequency f-unction.of the ner S
e SR o5 o} BB B Bt b
surged Areleprbbieatbaansethepmuireaiptodyy mcompdratest it the fpignsdt is

.as . to speed (sweeps per.se 0L I.Aang I, bl
i TN B0 oA SR SR Spffy BT Gittem
beciudy ethé iguidds adleant towiirevapimiy it e sipepibennibe harmful to the

pi ezoel egtric fransducers | Al td s ard
opelit gpion 1R op RIS HEt sipre L9 s e oA & iaBiRG ober hazardous
mat@adh Sgieopipg thd driving eigarl atith the preabiduyentign sefgesthpsginigplems.

sigpal.. Transducers w Log Lak. .r LARGIn® Sional

ar onpuh FeE e hdrh T L B0Ancy bPALARGhESIen
as affedisanditese. t horexginplehibe Hreghencyarf shedving signal suayemry nearly

. order to gperate the ar t : .
im0 PB4 iy PR D bl BB o B s
resdnbROfdeneycieaBy of al thehecgsswiptrimsdress 86 Thesweapdiaanency range

each. t.ransducer erate i .
or @%\ﬁﬁl@l—he{j&e generai%? ﬁpr%ﬁ‘ém%eﬁg)rg Egl?s%g \}\alléée %to#er@gfgg %o_ry deY:ce
assEiated aith the peretiioeli. THeaateat svhish thadepuengy viydes is determined by
i ncreased to create [ i Vi ' ' {Be .
o SR AP AT IS8 Al L o e g
The fenesiiotian bherogrvemed pevidy itnfrequencies of the deixingdignhpecording
result is that the 3 [ eSS ARk 18R em
to qthex By PSP sacl)rﬁsan(a nfr;%g%%g%cl)%n%m 1 gﬁlzirhgg}%%%_ si nce ?
triahffarswBeoreawensthpattoras showpanFigne 1 hEbe yasiqtiep ifequency can
erates for a.qgreat I iohd. B & tself
be, MR REE, spsfodl SHEERERAE IR futiohl MPacili g BRI isc
maehé bigirendal, afuatd) griangglas on pthepware shape. (i sweep rates need notbe

2007/.109255PCT/ 7 Thi ' b St
the S S NERRE Ry egnepe) apd Bppaftielgasine
frequiengie Pgﬁb?bhy, dine sire ersalydyust t;hq npingher of perids B@% g@eelﬁtabhs rest
M Nl mum an | er a range . n
timps gh%{ﬂg’ ge%lerg.% sWoFt’tﬁg H5NGEE @%891\./ g

WO génerators are used to cover_the same
oV eked tleming epplivetiomzotc geriemay &e beshigagcd by gpinglegemsducer

ins2g PR S BASNBLL R NE chithln 800 Rk abbcodl e

resonant frequencies 31' in the .
transApedr canlbe anlgme@ by usingla phegraned spRvarearogrpw that identifies the

t ransducers. have re [ r drilh .
oD BT e SR AR i SIMIAR Ehndloy ik d9efined rane
Fod begEreksits, e driving fraquengycasberswgnd tigougina pyvesprrangs oftlffp or less

rate of change of. th [ ARG LRittdRpsAERy. A
to eé%““ﬁeﬁgﬁi %F%gwqgﬁuﬁiﬁ?gﬁg@?éﬁ%gt i N grgcl%%t s%pt hat

twi ce as nmany sweeps occur if the sane period of
tinme.
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10As an exanpl e of grouping, assune that twelve
megasoni ¢ transducers are used in a process having
the followi ng nom nal resonant frequencies (in KHz):
1010 1030 1015 1007 1019 1004 1027 1038 1022 1014
wbBd/m4® 15 These frequencies range from aPGH/BPHRH0688S
of 1004 1CHz to a maxi mum of 1040 KHz, for a total
range of 36 KHz (18 KHz) centered at 1022 KHz.
Sweepi ng the frequency of the driving signal to

i nclude the resonant frequencies of all twelve
transducers would require a total sweep of 36 1CHz
These twel ve transducers coul d be divided into two

beneigi{ c?fu tgg’ }[nresAe.r;ﬁl rllxgchBaﬁoﬁ & ﬂlﬁq%&u&g @he adverse effects of resonant frequency
driftirig because the resonant frequency of each transducer is being excited cach cycle
even if it changes with time, provided that the sweep range or bandwidth is wide enough.

Commonly, multiple megasonic transducers 16 are used for a given task or
process, in which case it is common to drive all fransducers with the same generator and
driving signal. Where multiple transducers are used, however, there may notbe a single
optimum frequency due to performance variations and manufacturing tolerances among
the transducers. Producticn tolerances result in megasonic transducers having resonant
frequencies within a 3% to 4% range. For example, at 1000 KHz, a 4% range would be
plus or minus 20 KHz from the nominal 1000 KHz, or a range of 980 to 1020 KHz.

In such applications, according to the present invention, it is appropriate to
repeatedly sweep the frequency of the driving signal to ensure that at least some of the
time the transducer 16 is operating at or near its resonant frequency. In order to have
each transducer 16 operate at or near its resonant frequency, the generator sweeps through
a predetermined sweep frequency range that is designed to <reach. the lowest and highest
resonant frequencies 31 of the 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).

Another aspect of the present inv.entidn relates to grouping the megasonic
piezoelectric transducers into multiple groups according to their resonant frequencies, and
driving each group with a separate variable-frequency driving signal. Transducers with
similar resonant frequencies are grouped together to reduce the range of frequencies
through which the generator must sweep in order to operate the group of transducers at or
near their resonant frequencies. Reducing the frequency range of the sweep increases the
time that each transducer operates at or near its resonant frequency.

As the range of sweep frequency coverage is reduced, the rate of sweep can be
increased to create more activity if required by a particular application, or if the sweep '
rate remains the same, then the repetition rate is increased. The result is that the
megasonic transmission at each transducer’s resonant frequency will be greater since the
sweep covers a shorter span and the transducer operates for a greater percentage of time

at or near its resonant frequency, which increases the efficiency of the megasonic process.
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20 25 The transducers driven by Generator A range
from 1004 1CHz to 1019 KHz, for a total range of 15
KHz (7.5 KHz) centered at 1011.5 KHz. The transducere
driven by CGenerator B range from 1022 KHz to 1040,
wareozimeisal range of 18 KHz (9 KHz) cent er ed PRE/USDBT006885
KHz. By grouping the transducers according to their
resonant frequencies and reduci ng the sweep range for
each sweeping generator, the nunber of 30 sweeps per
unit tinme can be increased or the sweep rate can be
decreased, either of which allows the transducers to
be driven at or near their resonant frequencies nore

of ._whi.ch enhanc Nir Gy S$Ssindl )

20’%;’;51’855!5%1 Esﬁ“/‘ %%ggg@é%ﬁ& g ‘I&F_ %Ogct arg enerator
swedb aﬁe;drnengh sijyeal beepn inisiuen eyd rangegn Aeguasies SV FHERES 30-

AT AL B U i d, BALIRRE pBferator
L o WS TBE AUTLA L AUIB5ens S00 s

€
coveDOMbraiges23hadpofia-kajfiefiby felhrrgec 3¢. Haleof g%edfanggqﬁeﬁsmave

be set to. 1003. to 1020 0 K5Eha fdnsd
reso’i“"}’?é%%}éeé’ﬁm??’gqﬁetﬁa/’p?egﬁgg%%%%hgﬁa%g?&%?%nﬂ Rt be set
havelresdnatORdquieacia O3 iHthe dowdaGRbrange 3442 Thg-pumlrer of sweeps per

. ensures that each tya : Rar2€ 0P YheARepi
unit HEs e etsgmreéggf%ﬁs i?nér};’%g%?ﬁgﬁgﬁ%rég%%&feggguenc;.svveepepmg
freqeanel € hadarak soindfianed, bot the nize ds ot in Wif satbiahigfee as many

frequenci.es that TRy coccur due to heating or other
sweeps ACa B £0C SR REHRE R S0 be grouped within an

| NisvinciapycTigponpong, pEUTBEbaNERTBRREARTIE frpRsgucers are used in

systens or processe | | qugly. For
PR e G P b SR AR

transduaei@ each dRd@0both t dMRE will B&0dsed

simul ta sly, o an gro ransduggsg fromthe

| ar ger ﬂﬁ%erse op%glgl tran;!l a?:ers onqt he two tanks.

Groupi ngezey be fl@i#her sellddted to pilBuce a nore
Theun %q?u‘rg{an(g%se %%!g%gf%s ér%?ni;‘nr SR TP AV EE tinkin 8F F040H Rz, for a

ave to e next to eacn_ot her or
totaliange of TG KHh¢: SRKEIZ) aakteted abb0A2KHae Syeenips tpdicayswy of the

cal | transducers work oi UEAY rwel Er A8 & PS04 require
d“"f‘?‘?e“%‘}az s’tﬁ‘cﬂlg@?&fge oé]fgt%]}gﬁaggcus on nmaxim zi ng the 4
a tolaf fwedpafey Kiflz.t he grouping wi thout regard to where
the nmenpers of the Alad. A anf'B, &heduce the
SRR PR LRSe BRSO ot
swepp eigeses, assune that the sanme twel ve negasonic

transdu%grs §§rtgforth in thegpteyhbPHS exanple are
| ocat ed © ' t ta T(ES_‘ZU—“_— The
“twel ve ti@rsducer sl@# Tanks 1028nd 2 ar¥3divided into

two gro s accorgjag to 25 ggsonant fgxggquenci es and
are dri\L;IgJﬁnby Genelﬁﬁaig’ors A and B as follows (with the

tank numt®d® shown 1M %ar ent ht&¥s): Genb4 or A
The transducers driven by Generator A range from 1004 KHz to 1019 KHz, for a fotal

range of 15 KHz (7.5 KHz) centered at 1011.5 KHz. The transducers driven by
Generator B range from 1022 KHz to 1040, for a total range of 18 KHz (*9 KHz)
centered at 1031 KHz. By grouping the transducers according to their resonant
frequencies and reducing the sweep range for each sweeping generator, the number of
sweeps per unit time can be increased or the sweep rate can be decreased, either of which
allows the transducers to be driven at or near their resonant frequencies more often, which

enhances the megasonic process.
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Generator B 1004 (1) 1014 (1) 1022 (1) 1031 (2
1007 (2) 1015 (2) 1027 (2) 1038 (2)

WO 2007/109233 PCT/US2007/006883

In actual practice, the sweep frequency ranges are set slightly outside the
maximum and minimum resonant frequencies for the associated transducers. So, in the
example above, the sweep frequency range of Generator A might be set to 1003 to 1020
KHz or 1002 to 1021 KHz and the sweep frequency range of Generator B might be set to
1021 to 1041 KHz or 1020 to 1042 KHz. This ensures that each transducer operates both
below and above its resonant frequency in each frequency sweep cycle and also allows
for shifts of the resonant frequencies that may occur due to heating or other vanables

Transducers can be grouped within an individual system or process or among
multlple systems or processes operating s:multaneously For example if there are two
tanks with multiple transducers each and both tanks will be used simultaneously, one can
group transducers from the larger universe of all transducers on the two tanks. Groupings

may be further selected to produce a more uniform result as the transducers powered by a

'~ single generator do not have to be next to each other or used with the same tank to be in

the group. Because all transducers work simultaneously, the designer of the transducer
layout can focus on maximizing the efficiency of the grouping without regard to where
the members of the groups are located.

As an example of grouping among multiple, simultaneous processes, assume that
the same twelve megasonic transducers set forth in the previous e¢xample are located on

two different tanks:

Tank 1 Tank 2

1010 1030 1015 1007
1019 1004 1027 1038
1022 - 1014 1031 1040

The twelve transducers of Tanks 1 and 2 are diﬁ_ded into two groups according to
resonant frequencies and are driven by Generators A and B as follows (with the tank -

number shown in parentheses):

Generator A Generator B

1004 (1) 1014 (1) 1022 (1) 1031 (2)
1007 (2) 1015 (2) 1027 (2) 1038 (2)
1010 (1) 1019 (1) 1030 (1) 1040 (2)

Generator A drives four transducers of Tank 1 and two transducers of Tank 2. Generator -
B drives two transducers of Tank 1 and four transducers of Tank 2. Since all transducers
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(2) 1010 (1) 1019 (1) 1030 (1) 1040 (2) CGenerator A
drives four transducers of Tank 1 and two transducers
of Tank 2. Generator - B drives two transducers of
Tank 1 and four transducers of Tank 2. Since al
wo ansteessrs WO 2007/ 109255PC T/ US2007/ 006 88BCHB2007/006885
operating at the sane tinme, this grouping allows the
two generators to sweep across snaller ranges.

Thus, in cleaning and ot her processes where nmultiple
tanks or systens are used, the entire popul ati on of
transducers in nultiple tanks or systens can be
conbined to 5 create an opti mum assortnent of

fre uenc es to. be gro
sre PG 1y S PR B G b iR o Seacros
mﬂﬂﬁ*aﬂnke in four processes using four tanks,

@ﬁbﬁguc LS ffo 0 B Gbo Lds vaiere Hﬁxﬁ;ﬁyfank@&k@sw aRfused,

chieve the optinmumrange of
the e‘nnmxumatanea off tmansdmeﬁp m@ultm‘le tgglgﬁ QESYSIERS Cpt b eayalyaed to

create a%topttllgm%g g.sls\éretmaeﬁt ct)fl}?eq%mcs th BB ot Rped WSRaRF, QR &8k group
powered by a different sweeping generator. For example in four processes ﬁsing four
tanks, transducers from any or alt of the four tanks may be networked together to achieve
the optimum range of frequencies for sweeping. Of course, all processes must be active
at the same time for such grouping. _

Another aspect of the present invention is the construction of the megasonic
transducer 16 and its attachment to another structure, such as the bottom of tank 12, using
a perforated metal layer and impedance matching adhesive. As shown in Figures 4 and 6,
the megasonic transducer 16 preferably has a silicon carbide plate 20 between the
piezoelectric element 18 and the surface of the cleaning tank 12 or other structuze to
which the transdueer is attached. The piezoclectric element 18 is bonded to the silicon
carbide plate 20, and the assembly is bonded to the tank 12 with bonding layers composed
of a perforated metal foil, preferably copper, and an adhesive.

. The perforated mppér (or other metal) foil improves flatness and uniformity of
thickness of the bonding layer 22. The perforated copper has a predetermi:ned thickness
that allows the adhesive to be evenly distributed, thus avoiding irregularities or non-
vniformity of adhesive thickness without using a jig or other stabilizing device. The
perforated metal provides a controllable flat structure to maintain uniformiity in thickness
of the adhesive. The perforated mefal also serves as an electrode between the
piezoelectric element and the silicon carbide plate.

The application of the present invention is not limited to cleaning operations. The
same principle of sweeping the acoustical energy for megasonic 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. Sweeping me gasonic transducers creates
greater energy bursts, 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
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10

10Anot her aspect of the present invention is the
construction of the negasonic transducer 16 and its
attachnent to another structure, such AS the bottom
of tank 12, using a perforated netal |ayer and
wiowetmazss mat chi ng adhesi ve. As shown in Fi gBEBYSH07/006885
and 6, the negasonic transducer 16 preferably has a
silicon carbide plate 20 between the piezoelectric
el ement 18 and the surface of the cleaning tank 12 or
ot her structure to 15 which the transducer is
attached. The piezoelectric elenent 18 is bonded to
the silicon carbide plate 20, and the assenbly is
bonded to the tank. ' [ € RIRO&RSsa8bns
that 13 100 R W BH GRS m'%%i %M ﬁ%ug?g?ga@]%ff E%% Sjg g(r) and a
ceas@ eG4 bat the megasorTihFequnbpensradcreaope fowart the hapd.

metal ) .foil inmproves fJ).a ' ehifosisclosed herei
Tkt PR TES R Mot b
provickp e véland adpreaipbes meprsduichiredentag appratppInd pehod utilizing

t, dhesi ve .t 0o be ' ' ; i didegib
s vaiaie Sopmey Fe B A il P afion Py ¥R Chsodve
merdlP egdsiias mbthbddndusitrglimegts of & PowshRIINSEBRY 5 vl be |

devi ce. ,The_per.for ' i ' : ol ih abli6us oth
undefrftﬁ?‘f§¥ Phoss ﬁg‘g[l?rowﬁ% %et ala;L|E:t1]?éu"ni Igl?&rﬁqﬁ/ ]?en&?{]kit%%nﬁels s of_S o

fornisheitiRathagiaving e thesgict eitessential eharagtesistigcthorsst. facceriingly,
_el ectrode. bet ween k& | thud A6k [irh@ing, of

o

the Ebpsefthe inveation, ovhiclsisrset forthin thedollowingeiimag
operations. The sane principle of sweeping the
acoustical energy for megasonic transducers can be
applied to other uses of mcro-stream ng of megasonic
ener gy, such as non destructive testing, or any other
appl i cations using thickness node transducers having
fundanment al resonant frequencies of at |east 300 KHz.
Sweepi ng nmegasoni ¢ transducers creates 30 greater
energy bursts, which create inproved and stronger
m cro-stream ng activity which i nproves the
efficiency of mcro-stream ng cl eaning and ot her uses
of mcro-streamng. Mcro-streamng is a flow of
energized liquid created by the rel ease of ultrasonic
energy WO 2007/ 109255PCT/ US2007/ 006885 that is too
weak to cause cavitation. At frequencies in excess of
300 KHz, cavitations cease to exist but the megasonic
frequency energy creates a flow of the |iquid.
From t he above description, it will be apparent that
the invention disclosed herein provides a novel and
advant ageous megasoni ¢ processi ng apparatus and
met hod utilizing 5 a variable frequency driving
signal. The foregoing discussion discloses and
descri bes nerely exenpl ary net hods and enbodi nents of
the present invention. As will be understood by those
famliar with the art, the invention may be enbodi ed
in various other forns without departing fromthe
spirit or essential characteristics thereof.
Accordingly, the disclosure of the present invention
is intended to be illustrative, but not |limting, of
10 the scope of the invention, which is set forth in
the follow ng clains.
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VWhat is clained is: 1. A nmegasoni c processing

appar at us conpri sing: one or nore uncl anped

pi ezoel ectric transducers, each having a fundanental

resonant frequency in thickness node vibration of at

| east 300 KHz; an unpressuri zed tank adapted

to contain liquid and one or nore parts to be

processed, wherein said one or nore transducers

provi de nggasonic vibrations to the contents of the
Whal fjcclaigied is- a generator coupled to the

transducers for supplying a drjiving signal at a
varﬂableAHF@EﬁQHEVﬁgﬁ%ﬁﬁgﬁ@B@E Sﬁpgﬁﬂéﬁgy range t hat
i EC lbHe @F wig?@urﬁdlmﬂpe@ﬂbﬁeldmﬂuéére,mh tiaeing affu tadddmental
t he transducers. . _An r at recite
resopagh FERAYPACKIA dRignese H’é’dﬁé(ﬁ)é?tﬁ)(no‘??%ﬁ %gg?a@a@jﬁﬁst abl e
swe@ap unptts@dddanniadiiaséaty eorfisie digeid ayndramege. more parts to be
An apparatus, as recited i [ h

3. at us g in claim2 wherein the . .
Proggess!. AteERn Saidone, 8 Mg BagsausE's | OY'9R g RSP VREF
theSESHHEs of the tank; add An apparatus as recited in claim1l

wherei n the apparatus has at |east fouyr. transducers

and 2 SPGB FARITS 10 Mo FENsPHERE BF HEblYER % dfYlad Sighal at 2
vasuie FRAuBNCYS tHibligHout &S @Budncy refye rthatemcludasl thd dusdamental

each group of graHs?uce S is powered by a separate
respeAR ERayeneiem el Y. FAPRUICESYr i vi ng signal having a

vari abl e frequency that varies within a frequency

range that includes the resonant freguencies of al

t he%t r anSGuRRIalGs 3% ?ngid'%ic "@ds dﬁ%ﬁ%’n the gene_raq%'_ hag an
adfiBEGRRUN pRERERRISd sl stie Mequaney irarigeg: two or

nore unpressurized tanks, each tank adapted to

contain liquid and one or nore parts to be processed;

one 301 NMaheappacatasRe deflicazinalifmt 2 wherein the sweep rate is in the

transducersassoci ated with each tank, each transducer
rang@\ A 3§ 18 TROMeMFRASREF SPEBhant frequency in thi ckness

node of at |east 300 KHz;, wherein the

;ngggﬁf Z‘»‘%ts%rpg}/a:tﬁg @gfegﬂég ?I ﬁal\r/rll tl)rw%telre?rr\] V%g;%ﬁa?%ﬂ% bgé (ajt least
foll YRAEAIRFSarPR GsherRoish@héreanbhd ieessudets arsupplpedrizy similar

driving signals to the tra sducersf wherein the cred by a
resonanis BEausTsiesr @ngr Biel BICS ORYPaP {PRALGER, i Pow y
sepRaRNGEHerdtbEMAE Beh@Stesandriviig sighal feadiy gratigblefrequency that

transducers i s powered by a separate generator fhat
v BRANEA "EAHFI] RGOS HRICHAR eF SoWRNlipaoncies Of all the
trah§ RRIBAWTIts taBddciatas grmpwi thin a frequency range that

i ncl udes the fundanental resonant frequencies of al

the transducers of its associated group. 6. A

megagsoni @grﬁb@@s{ﬂnﬁ@r@@&b@rngtslyitemmrsimﬁ: . one

or nore piezoel ectric transducers, ea aving a

f undeErinare WRseTREed PR EREY Tk kP A ERN R Guid and one
or Mioks Bdrt<d atpracdgseguency of at |east 300 KHz;

an unpressuri zed tagk.ada&%&d t ontain |

0 . id
cl e8P 95 MBI ICRAPEE RSSF Srbld et e pEefE olnugrch tank.
eaSftdn&iRePhalify @ fuhadBshiaefsonim ficdaemygashickaess mode of at
vi brations to the cleanin? fl

leabhaR0 Khigq wherein the {25 duretsrspvide JiseasoTio vt e fuid and
coMBR® df frnaAkiGas for supplying a driving signal at a
predet erm ned frequency range and sweep rate, wherein
t he frequency range includes the fundanental resonant
frequency of all said one or nore transducers, and
wherein the generator includes programmabl e neans for
defining a sweep frequency range and a sweep rate for
the driving signal. 7. A megasonic processing nethod
conpri si ng:
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provi ding one or nore uncl anped pi ezoel ectric

transducers, each having a fundanental resonant

frequency in thickness node vibration of at |east 300

KHz; provi ding an unpressurized tank adapted

to contain liquid and one or nore parts to be

processed, wherein said one or nore transducers

provi de megasoni ¢ vibrations to the contents of the

tank; and nerating and supplyin drivi.n -

St gr¥P SromPffe SEPSRRE CoHEt Rche: FATSAKORIF 10r PRy R irving
sidifs ao Vel aBheduceR]URRSRIN e Ugimdlicets farequmupyd riangsmilar

t hat includes the fundanental resonanﬁ frequgn{:i es, of .
fungamental fesqpaY requencies, and wherein each group' of transducers is
powered by a separate generator that generates a driving signal having a variable
frequency that varies within a frequency range that includes the fundamental

resonant frequencies of all the transducers of its associated group.

6. A megasonic cleaning apparatus comprising:

one or more piezoelectric transducers, each having a fundamental resonant
frequency in thickness mode vibration at a frequency of at least 300 KHz,

an unpressurized tank adapted to contain liquid cleaning fluid and one or
more parts fo be cleaned, said one or more transducers provide megasonic
vibrations to the cleaning fluid and parts in the tank; and

a generator coupled to said one or more transducers for supplying a driving
signal at a predetermined frequency range and sweep rate, wherein the frequency
range includes the fundamental resonant frequency of all said one or more
transducers, and wherein the generator includes programmable means for defining a

sweep frequency range and a sweep rate for the driving signal.

7. A fnegasonic processing method comprising:

providing one or more unclamped piezoelectric transducers, each having a
fundamental resonant frequency in thickness mode vibration of at least 300 KHz;

providing an unpressurized tank adapted to contain liquid and one or more
parts to be processed, wherein said one or more transducers provide megasonic
vibrations to the contents of the tank; and

generating and supplying a driving signal to the transducers, wherein the
driving signal has a variable frequency throughout a frequency range that includes

the fundamental resonant frequencies of ali the transducers.
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