CAVI TATI ON SENSOR Techni cal Field [ 1] Various enbodinents relate to a
cavitation sensor for detecting bubbles in a 5liquid. Background [ 2]
Cavi t at i OMOI281%d36528ccurrence of enpty voids in |iquids. PBEISGZ01A/08934T i sti cal
phenomenon, its position, duration and strength is difficult to predict.
Two cl assical 10areas of cavitation are hydrodynam c and acoustic
cavitation. [3] Hydrodynam c cavitation occurs in regions with | ow suction
pressure, e.g. in inducers of rocket engines and turbo machinery, and is
typically unavoi dabl e. For turaVIEATIONISENSOBaf e operating region has to
be found as cavitation occurring close to a rigid boundary can lead to its
erosion. 15[004] Acoustic cavitation refers to induced cavitation for the
purpose of ultrasonic cleaning. Ag.afdtiiFidiafiel d i nduces small bubbles in
aliquidto radial oscillations. Wen the bubbles oscillate at a boundary

t hey creaft1kuVhii@iseembastiments gelatesto 2 gavittion ssensontfanidettiing) babhdes irhe
surfac§ a qﬁaransport the dirt particulate into the bulk flow [5] There
is intereStWor exanple in the sem conductor industry, in a sensor that
can 20 nmeasure the amobunt of cavitation activity on a surface to control
and optim ze cleaning of silicon wafers, while mtigating damagi ng of
delicate structures fabricated i n Bagka&owndon wafers. Several known

cavi tati opogpneNifitigh s thé VeeHRGcO&JrWhpty [ Widd s F?i%&ﬁl@f‘ BRing/a %Qisgéﬁ

di scl oses a system having a conductivity sensor, photo sensor, an

t her nocouphesnomB®)n, tits prstivoy dunatioh end sirengthuast ddficult ightedisti sShvarlassichl heat

25 gener aled. By, oM hatd Bhod BRRKShd aliiSidiRGhASEd System is unable to

i ndi cate T tHebubBl ey Je gPégfing PPPETRMNe surface to be cl eaned.
[003] Hydrodynamic cavitation occurs in regions with low suction pressure, e.g. in

inducers of rocket engines and turbo machinery, and is typically unavoidable. For turbo
machinery, a safe operating region has to be found as cavitation occurring close to a rigid
boundary can lead to its erosion.

15 [004] Acoustic cavitation refers to induced cavitation for the purpose of ultrasonic
cleaning. An acoustic field induces small bubbles in a liquid to radial oscillations. When
the bubbles oscillate at a boundary they create sufficient shear stress to remove
contamination from the surface and transport the dirt particulate into the bulk flow.

[005] There is interest, for example in the semiconductor industry, in a sensor that can

20  measure the amount of cavitation activity on a surface to control and optimize cleaning of
silicon wafers, while mitigating damaging of delicate structures fabricated in the silicon
wafers. Several known cavitation sensors are discussed below.

[006] US patent no. 7,210,354 discloses a system having a conductivity sensor, photo
sensor, and thermocouple (B2) to measure radical production, light emission and heat

25 generated by cavitation. However, the disclosed system is unable to indicate if the
bubbles are creating a flow on the surface to be cleaned.

[007] US patent no. 6,497,140 discloses a cavitation sensor based on the measurement
of acoustic signatures from oscillating bubbles within an acoustic chamber. The
cavitation sensor has a size in the centimeter range. Such a size may lead to gaseous

30 bodies becoming entrapped, thereby disturbing an acoustic field generated or leading to

additional cavitation nuclei. Further, as the disclosed sensor needs to be flushed with



[7] US patent no. 6,497,140 discloses a cavitation sensor based on the
measur enment of acoustic signatures fromoscillating bubbles within an
acoust i c Whant2as0s2The cavitati on sensor has a size in t RETSER010/009387 r ange.
Such a size may | ead to gaseous 30 bodi es becom ng entrapped, thereby

di sturbing an acoustic field generated or |l eading to additional cavitation
nucl ei. Further, as the disclosed sensor needs to be flushed with 1iquid,
it can only neasure the pressure in the bulk liquid and not close to a
surface. lkquid,Hetan blilymermecthe hodsuradh thie belkt liquik afid awt closateea sbafsceonl y t he

acoustic signals emtt d fromth cillating bybhles. Furthe t.hi
a1 gnat ur dardon 13 pes s BT RS iecip b FTeaiet CEALE Rl ARt PR BEINES ¢ hus

it is a cRIRIRX obdiNAin g%uﬂbféplﬁlﬂﬁep tﬁﬁdyg&tdréqmtdahgﬂ& ﬁipgﬂﬁlsmembfrm@m ngf ul
physi cal quantltg bubbl es may have on surfaces S pat ent no.

7,057, 97>Fmisden of auny bybbles rthus, Ht is rreesyuples "F‘ie{ﬁ‘?tpr@ mt wgdgdugenfrom this

sonol L%m nesc ncelagz{ %ﬁ%@ﬁél&f]%ﬁtﬂfh&ﬂl Mﬁﬂe%ﬂ% 2co0l [ apse. A

phot onul tll%Ta romthe sanmpling Trtquid which is either
flush w t[joos] WS Ipateht ght 7,9&71,9@3 disolesesng sensot ahitameasueesf lighe cenaitredi fitonof
liquidin a closed voI etectiop. of cavitation is thus.in an

| ndi rect  PRANBRDESEECR AL siembtiee doutor bl ubbled Ao chehBiabBRELeR, o

creating g@idclsOe Bight HEmSHE § 1nth1cﬁ’1€'d GhRANS dithdUfsh Quith# 1i gﬁtetlglift sensor
photonultipliers, the cost is h| gh [9] US patent no. 50, 184 di scl oses

pi ezoel ediausing dirseostainsse Fised @mennt of ligwidr int @ closerd E@Wﬁ@et &he dstegtionegfl- out
uni t. ,Pi ez00leq6L| lh%s ?ﬁﬁ?ﬁﬁﬁfﬂ %ﬁnﬁ&n&* fi YEns #;Pd&e? n%?déﬁ@ctt ‘“{;Q%f‘th%%uﬁﬂg

surface and experience displacenent from Tor exa es osm%latl ng
on the suiré amenng—b\ﬂewem thasur&mmbe cleamade Due tohthe hsrr cfepHotomltplidrsuhel
accel er at ed b}ﬂlgththe bubble will also lead to a signal output fromthe
sensors. is difficult to determ ne whether a signal fromthe

sensor | 5[009]US(¢S1 phieRME UM S1 aNEikdIeks Ts06leattic HNEE addesibMICEN fhr RBYtAE
surface or from a bubble osmllatmg on the surface. The |atter is the main

20 cont r i Bdiconnectedstary ered-out wihi Rigzodeatho SO HES snlivefto deree aelingon
provi ges ti’l [ sllffRe RLE Qgﬁ rlehte/ d1§5|§£en§a'n9 A3, 36¢ ple, BUBHIBE AT ﬁ on-mce sensor

size al so oes not en e easy Integration wth the object u pr obe.
[10] US patfect. However,lahlacousTic divave Iooﬁesfom\frqnaalhqmdwn@lcnagmm thfabubblezl eani ng

tool s. The.cavitation sensor r ressure sensi onp_a substrate

to nmeasur'®ik ﬁéoi |\9|"t§1g8$1 ?ﬁp%u%fﬂqetge SHPhHe ?E‘ﬁ qﬁ' Lt g'@%}tltﬂq g?te%m? he

pi ezoel ecyhdthersesigl $robf thHSerib%f @dausdd fr&n"cﬁﬁbﬂ:&ﬁnttéd’lﬁ)uﬁd as sethedistassi ng

el ements experience dis acerrent when force is appli eJ%Fto thenE?IThus t he
r

focus is femithe sydace gr t2 bbbl esclipting on Henrtags, 5 he lgeris

[11] Zher&nbrbutdiUd uBRedcibshiny, OMidEeR haVdiabt Ahe SRAKRT plobfes oke; Qe S
cavitation occurring close to the sefsor surface and is unaffect ed by

cavi t at i qmobabality tleat signalaariseniyothdhe Bamor.t Tomsensortsiae dljordaed nphenablerpasy
cavitati Oxplte%r%'ﬁ%g (wtlhﬁhep obejlgc':f‘ glnaer pro%u mary

[010] US patent no. 7,111,517 discloses cavitation sensing in wafer cleaning tools. The

cavitation sensors are pressure sensing elements on a substrate to measure the activity of
25  bubbles on the substrate. Similar to the piezoelectric sensors of US patent no. 6,450,184, .

the pressures sensing elements experience displacement when force is applied to them.

Thus, the focus is on the measurement of pressures, rather than flow strength. ‘

[011] There is thus a need to provide a cavitation sensor that detects cavitation

occurring close to the sensor surface and is unaffected by cavitation that occurs at another

30  portion of the liquid that the cavitation sensor is placed in.



[012] Disclosed herein is a cavitation sensor. The cavitation sensor nay

i nclude: a substrate having an insulative surface; and an el ectrode

ar rangenemo 2pr2adpaded on or within the insulative surfac®CHiSGRénd/08e89%t r at e.
The el ectrode arrangenent may include a 5 first electrode and a second

el ectrode being isolated fromeach other by the insulative surface, each of
the first and the second el ectrode including a sensing portion. The spacing
bet ween the sensing portion of the first electrode and the sensing portion
of the second el ectrode is adapted Swmalakrpw charge fl ow between the first
el ectrode 3?1do]hhe seclti)nd. el ectrode caused R. cavitation occurri at the
sensing pd 1sclppfdoRFinTi @ CaYUREoR FB e gsrcaw&\}l%e*e%soaéwcgw Ft&ble for

t he pur pog@sefte dﬁ{/ﬁgtdm ths@ladve< kitehcef aftt bR Bsetro8@ URaskement PYdViddd S ori N @
liquid. Cavitation bubbles mag be induced through agitating a solution with
f

a | aser, wikindhg insplative pyface glithgrsubgraiodlies pleeirasiginmapgemeons sraydnclugs/a of
creating i L on, hu i f h I: ansducer,
a1 t o SSEFeBTET i £ SR b HONHE LedfuddRoff cal ctih HIRE iiliRE

creat ed t durfavgheatblodighe fagi andt thosecohld eclentode tindudihg ladselnsing gortsomal Thoubbl es

inaliquid to,radial oscillations.. 0141 Wen th ubbles oscillate at a
boundar y THEPE BEBEER (u FPIER SHIOBHLAhe S SCTals 0 SSOR QR B {1 om

the surf aggomnelebtRSROIdaptddl Itd alaw! dareafi®w i BetwedBUhK firkiOMectfdde Sand ahe
cavitation sensor may find applications in, for exanple, the sem conductor

i ndust ry, seaprs dectepdp causedhy Fayitateiuesstiring o thegansing parden-waf ers. A cavitati on
sensor, 20 ' - el [ RS0 ' e
amount® of IS0 Tl AR I B FRiPbO K RRE oHEIRTIor Y SlpbLBAMRE D (o
and opt i nkiné of bebldks aaused hyr@eaamnoin g iliquicdonCavatagors bubhlésemay be gadiced)

damagi ng of delicate structure ich, may be fabricated on the her
ndust el et § R RTE APtk O B B R R eor
accor di ngAh&h&apimr@mFdhﬂﬁﬂbﬁ bibiésUsl enrv@sit e asotfanantiasepic @fanidueat ment ,
dyi ng of 25textiles and leather, cleaning of nmenbranes, ultrasound

emul si fi calfonsh ael tubbles aressregiecin a mer raRdompanack than dhase ceegied dhionelt r y .

[015] 4 n s&qgf'tét@ai. Gl S6RIAL PQ@%%@%% tbﬁieeggr 4 E?l#ih% Rai=3 URSHARLE" may be

under stood as-a base material upon whic ode arrangenent is
f abri cat e[®14]ThWhsuiltlst buatibdeshersillate atres hourtdanethey rckeate sufficignlyshiser strdsk tel y nmade

of insul a}elm\(l)ge rcr:%}:t%;nlir?altibnlf?orraf RE&%h z?ctel ahd ﬁ'ael{]sls)grrt dirt particulate into bulk flow.

Thus, a cavitation sensor may find applications in, for example, the semiconductor
industry, where cavitation is induced to clean silicon wafers. A cavitation sensor
20  described herein may provide a sensor which can measure the amount of cavitation
activity on the surface of silicon wafers to control and optimize the cleaning process of
silicon wafers while mitigating damaging of delicate structures which may be fabricated
on them. Other industrial processes that use cavitation and would benefit from a sensor
according to various embodiments include waste and fresh water treatment, dying of
25  textiles and leather, cleaning of membranes, ultrasound emulsification and cell disrupter,
and the whole field of sonochemistry.
[015] In a cavitation sensor described herein, the term “substrate” may be understood as
a base material upon which the electrode arrangement is fabricated. The substrate has an
insulative surface or may be entirely made of insulative material. In a cavitation sensor

30 described herein, the term “insulative” may be understood as isolating electricity flow



30descri bed herein, the term"insulative" may be understood as isolating
electricity flow within electrical conductors forned on or wthin the
subst r at avotpeyeshse2pr eventing a short circuit between pREZISGAN10§P00397
unconnected el ectrical conductors. [016] In a cavitation sensor described
herein, the term"el ectrode arrangenent” nmeans a plurality of el ectrodes,
each of which having a sensing portion that is exposed and 5 thereby in
contact with the liquid where cavitation bubbles are to be detected.

El ectr odemthmy:ldnmcfahhrﬂduabscfoxfmadmmwidﬁmdtersiubafate; oinalelot praxgentag ershak  and

havi ng an p str d on the size of the bubbles
that are Ef“!:}g B@%@B Qést’.ica Y EC%’II‘S‘EF‘#EIB%@ ﬁﬁ ‘ﬁ‘ﬁ? ‘a regular or irregular

Cr 0ss- secfoi g, InSealviatont LRsordedchb&f hdrbig, @k e&ﬁar‘m&oa@ma@émeﬁs nidafya Span
over the substrate. g(;130 7] In a cavitation sensor described herein, the

t er m " spaliraljty ab glestredesepacht off whichi bavingani sspsipe pertion Hhet e exposed a8énsi ng
porti on Otfhel%:ﬁg 1rI Jn?z{ct %tﬁ?ﬁé | ch?ﬁl %?gre c%ta?lgﬁ %hﬁﬂeﬂoﬁé% dixﬁgct&r' e%l%@tf’&i@g
el ectrode rical

I'ng portion nmay realrsed by a portion
of the sunay rbatfeb:h&tedeﬁfﬁmtdmg densdah gopducting mandrial laed fhavmig aalyemap@dbr and t he

sensi ng port| n of second el ectrode, or ap create cutti away

t he subst P3¥ i% ngsen, e sige o g the 5’H€1819 ?‘ﬁ’éaﬁ F%?’ e‘?g etdodgﬂ%md t he
sensing p&Eét}o@Qs Q&ayt h&ves 8 Creplaie e Girk e crobs! §etibfl] S @R thatWidth HENEET
descri bed herein, the term "charge fTow' refers to the current flow due to

char ges c¢19@@d?%mﬂhém§@ﬁf@bfépaﬂféiehﬁleéub&!rﬁ&| on of the velocity of liquid at

t he sensi t tec r f the
e od'S) BT ORA B0yt Bl kL RHERTR R ARcRR AR A ULART qui d
dr ops to ineulatirgf pértien tRGvezubthe rsansings porftlaneqf ﬂ:beﬁrstbyleamdel axlt thecsepsingent i s
generated a.small dist e fromithe subsirate . surface. The t wll be
O T anet | oSO Qb{sCIeby R Eoafr 116 kR IR B RER o BRSO he

vel ocity paigd bfihe ls@bsiraR BaBlden tH_JTse‘hsﬁg Bitioh)ofitle fist dtagbdeand e fhyag cal
quantity called wall shear stress. %bln a cavitation sensor described

herei n,  tPRstiepkiingecead eiegfFrdsior aigap Fﬁeﬁ'§ ¥rung gyay thesubsite brawesayils ng
portien Oienglnggés g%ﬁm%'fﬁ&teiegﬂed%% tﬁemnglgg?sﬂm %f'ilﬁe@%& dHidtbgnary

relative to t strate and I's sensitive ear stress caused
by the chi@i8k lof a tcheitatioh cengoy dpscrr;b@delmelpaﬁml ﬂemh tbarghélqné’l tefers rfo ghérer

o LR St B by Pech s RS SR B LT
t he subst staihe, sehéinglglotidn af el figse dlébtﬂ'obe analmelstaysmg pbnqml of qaf hmmang
B?{)S : l:iglj égct;obig %\l;lllt)hsotu{ gélﬁg %glirrdal?yeth\é\gr?f,r t%e tvgl%m%l' g? }he?%?lldaérzgsn oezrer:'rson gt the
20  substrate surface, whereby an electric current is generated a small distance from the
substrate surface. The current will be a function of velocity gradient, i.e. the wall normal
gradient of the velocity parallel to the wall. This quantity is related to the physical
quantity called wall shear stress.
[019] In a cavitation sensor described herein, the sensing portion of the first electrode
25 and the sehsing portion of the second electrode are configured to remain stationary
relative to the substrate and is sensitive to the wall shear stress caused by the change of
the velocity component parallel to the wall. In other words, the sensing portion of the
first electrode and the sensing portion of the second electrode may be configured to

remain stationary relative to the substrate, to detect a change in the velocity of liquid

30 flowing parallel to the substrate surface where the electrode arrangement is provided on.



[20] In a cavitation sensor described herein, the el ectrode arrangenent may
be a layer with a thickness that allows sufficient cohesion to the

subst r at evewpf2ases22such as around 300nm [21] In a ®&avisGaeio®nogensor
descri bed herein, the sensing portion of the first el ectrode 5and the
sensing portion of the second electrode nmay include a strip. [22] In a
cavitation sensor described herein, the strip of the first electrode may
have an end which is disc shaped, while the strip of the second el ectrode
may have §020Fnkh 4 bfitaghar sensdrl des@ibed herils thehdediode ashageednemdy be atligerf i r st

electrode to forma crook shape.. 23] In a cavitation sensor descri bed
rer o n s M Gickuts Tl Alnee alcieat eohsaph et the ot SR Eh SATHS { ho
crook shapgoy have an inner radius of around 0.25nm [24] In a

cavitation sensor described herein, the strip of the first electrode and
the striplt3dl t mea Q‘é@’@h@p sqnsen deseribedeieraimcthe sersingpariion Af B firsotletrode 1nm

The St ! Dol ik 06 llgBhichl 15 808 I 0808 nEY MM iy Ot be paral el to

the strip o ectro I ns ered portion may be
formed by[02BE B;peamavngxdamcm dedchibedshereip, e stripeoffthas fitst dlbcteddeahayddwe and t he

strip of th el ectrode. t perln omard orre ondi n nd of the
first el eE‘i‘q?}YE{S Ahgist ﬁ@@@cﬁﬁ’&f’ gﬂeé&‘?pr % ‘éﬁnteﬂ‘ét rip of
the first ghiog fedandte HRE sifdpEd amffth@ﬁrssa@&me% mrm@omﬁm gange from
about 0. Oglnnl(lun) to about 3mm (300unm). It is also pOSSIbFe that the

spaci ng nif23belnfz eﬁwtamusen@orabmﬂbpégmg@wfhecﬂlmapgbf@zmy Irane asxadjus off t he
LTSty CRLLRFE Y afiinP BBk b argaﬁgﬁg?mnhwg ub BPad PR s ihect T ode. The

strip of Re s&cond el ect r ode may be
spaced ar {024 Dh z()ﬁxvnntapesehsorﬁhﬂnﬁed)ﬁerams macstrqgofrthg/ fitst eleotréderamd whestep t he

strip of t first Iec rode i aral | el t he ri t he ond

el ect rode® P%ﬁée(foélfll oelP "tﬂ’@y%“j‘b Vﬁé’t\)@é}hof‘r‘ﬂ?m&q ﬁtlﬂmgf %Lﬁét};’fpi ‘%etﬁ gfséct rode
and the stieétodef intdi2 xampR Al ept bogaalland thdaripiotithe folidelesitddep FE t he 25
first electrode and the strip of the second el ectrode may have any one of

t he val ueis@ghce; a tapesed porfign spay be omgfaPy the spagingibetysen ths smagH the et bed
h h
erei fg Pn% d;?dd%%& %%t%%g%%ml odd S{,Hﬁfg (BErdR ind B i ond 7 C

array P nc I'ng one or nore pairs o ectrodes and ‘sec
el ect r odeshe firs{ élé’qtroaa(ahd aher segomhylectreleu dEheaspating thetyoenhe steprdf rih¢ fitsv whi ch

each of the first tro s of th ne or nore pair ted and a
second co ﬁ‘?é?ﬂ?% n?8 f?ﬁ”@a§ﬁ88$ Fﬁgf@g@&ﬁ %%tro PR one or
nmor e pai r shouk 6.3a0m 300m). [td8hisd Poiblathat e ismixﬁgemspbe ﬁ‘&ﬁl(ﬁbbhﬂﬂthﬂmeb n, the
pairs of electrodes nay be arranged
about 0.3mm. ,
20  [025] The strip of the first electrode may be parallel to the strip of the second electrode.
The strip of the first electrode and the strip of the second electrode may be spaced around
0.05mm apart. The 0.05mm spacing may be uniform where the strip of the first electrode
is parallel to the strip of the second electrode. The ratio of the space between the strip of
the first electrode and the strip of the second electrode; and the width of the strip of the
25  first electrode and the strip of the second electrode may have any one of the values of 1,
1.5, 1.75 and 2.
[026] In a cavitation sensor described herein, the electrode arrangement may include

one or more arrays, each array including one or more pairs of first electrodes and second

electrodes.



5 such that first electrodes and second el ectrodes alternate with each
other. In a cavitation sensor described herein, the term"alternate" my
mean t hatweter2/isesrgi deri ng any two el ectrodes, the firsPCEISE201000e39T s

di sposed i nmedi ately adj acent to the second electrode. [29] In a
cavitation sensor described herein, the first common term nal and the
second common term nal may be arranged parallel to each other, wherein the
first and second 10 el ectrodes nay be arranged parallel to each other, and
wherei n t[R7f i Es&h ama aagoncdudd acfirsodemntuneteahinahge dviieh pashdbf theafirst 0 t he
first common term nal and the second c‘%gjrmn term pal . 4130 ,Tne fL_rEt
conmon  t eflRiiFdES obthe gne pr mprepairs aresgoupled; iR FCoRhFmme afy%ma tp whigh cong
array of (g oPRR s8fondRIraldsY theBR¥ ob FrofOpHisack LRGRUINer, or wherein the
second common 15 termnals of the first array and the second array nay be
coupl ed t 938l hlera caiatabor senson desgribadshereinstdi pabss oh gleceeden mAy beharrdngedt
comon, t eg 1} il e HRccBhcef SOURL Sl OASERANPAL Blr! e 2 350BAG, COmmOD
term nal s”may not> be coupled ‘together, so Hat cavi atron occurring at any

of the ongnedr des¢ribedrhiepens th@yerie altermatel echysapar thhetviien cémdiderihfanditssd ance

bet ween adj acent el ectrodes for. one of the one or nore arrays may 20 be

di 11 r ent SIFRENFL (P HLeisHiode etivoss! iupediaely adireen! e seaons _eﬁ?ﬁ&s?%er of the
one or ND{RIAT IaYSavitdMEREor deberibed BERR, BRYESQRl otk diPferthi?gl idSth@8&enipet ween
adj acent electrodes in all of the one or nore arrays may be the sane.

[32] In acaamdn tarnnel seaysher arthaged payelel e rea¢hn othen evhersin irjt gndisesendbet ween

adj acent glect.r or Q ray n hal f
o thdd qi SEHUR BRS, b bulEa SRRl (Fhch B HelR AU AEFSerblE]
sensor dededtiddesl abe afhtgedt prependinlan go bt Wareth cohmos etamningl pad theosecohd t he
first electrode and {he sensing portion of the second el ectrode may be
smal | er tfPMAN FEH8ter of 'a bubble to be detected. However, it is also
possi bl e fo38f ThEfRPINMHON &RAMWRGIREHWRAAY bhe DR S RBrdAtdys afd #kedohe fir st
el ectrode and the sensing portion of the 30 second el ectrode may be about
| ess t hanamy 4f the oneer mprgpEeEsy may be prupledipeetheroouhereinghe egond q@umen | n a

cavitatio | ' i t f LK

ol ect FodeRARRE ERE! kel thetRond Wi FRTHO BRI bEME' HARCE IR e
on a conmaso pd)s_sﬂ:dae thh084&ch dfrtha ficsh wbonatanorrmsiesals anayckes dei doeplet aogether ahdhe
substrat eeargﬁyof Itﬂg lséjc%gd %lo%%l%h terminals may not be coupled together, so that cavitation

occurring at any of the one or more arrays may be measured separately.

[031] The distance between adjacent electrodes for one of the one or more arrays may
20  be different from the distance between adjacent electrodes for another of the one or more

arrays. However, it is also possible that the distance between adjacent electrodes in all of

the one or more arrays may be the same.

[032] In a cavitation sensor described herein, the maximum distance between adjacent

electrodes for the one or more arrays may be about less than half of the diameter of the
25  bubble to be detected.

[033] In a cavitation sensor described herein, the spacing between the sensing portion of

the first electrode and the sensing portion of the second electrode may be smaller than a

diameter of a bubble to be detected. However, it is also possible that the maximum

spacing between the sensing portion of the first electrode and the sensing portion of the

30 second electrode may be about less than half of the diameter of the bubble to be detected.



[36] In a cavitation sensor described herein, the el ectrode arrangenent may
i nclude 5 any conducting material. The conducting material may include any
one or noWe 20f2/a3682¢, pl ati num indiumtin oxide and tit 0T(EG01IDE038ENSI Ng
portion of the el ectrode arrangenent may be provided on the insulative
surface of the substrate, while at |east a portion of the remainder of the
el ectrode arrangenent nay be provided within the insulative surface of the
substrate. The cavitation sensor may further include a further 10

i nsul ati vi@34jayiara camiteticl senkdradeseited hgregrthé ssnsinl polgoredethe frstel@trodeigenent
IS provi de% on the insul ative surf?ce f the substrate, while the further

i nsul at i VA|thSsansing pREIGDOL th sgepndielaciiads may Boprovisisd gr acpBmMAB A Sder of t he
el ect r odejoas) anGeABidtion 5BRof HestABId HeRsH | tRE dubSirdB by iRllud®Bahe of the sane
material as the substrate. 15Brief Description of the Drawings [37] In

t he drawi (936l Injaeavitetien senser desaribask kareingthgegledtioge agpegement mipey iselyde par t s

t hr oughout_ t I Vi 1.NQS, Al essaril scal e,
errphaglqs %HKSC'? gg‘%luéé%{ea‘r?%fall'ylrﬁéé\?or{lglgﬁ?gé%%%gﬁaﬂnﬁﬁg?Erngllgrgegosrtrﬁgeﬂe6)¥ ighc pl es of
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15 Brief Description of the Drawings

[037] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
20  to the following drawings, in which:
[038] Figure 1 is a top view of one embodiment of a cavitation sensor.
[039] Figures 2A to 2D show cross-sectional views (along with respective top views) of
cavitation occurring on the surface of an electrode arrangement of a cavitation sensor as
described herein immersed into a liquid.
25  [040] Figure 3 is a top view of another embodiment of a cavitation sensor.
[041] Figure 4 shows a sketch of an ultrasonic cleaning monitor using a cavitation
sensor as described herein. |
[042] Figure 5 shows a typical signal from a cavitation sensor as described herein.
[043] Figure 6 shows an electronic board for the ultrasonic cleaning monitor of Figure

30 4



[45] Figure 8 shows a batch wafer tool using a plurality of cavitation
sensors as described herein. 51046] Figure 9 shows a cavitation sensor

bei ng corWDQO2$0320 neasure cavitation. [47] Figure 10PEHMSEZ0A/08¢H2Mati c
of an experinent setup to test a cavitation sensor as described herein.
[48] Figure 11 shows a sensor signal trace fromthe cavitation sensor of
Fi gure 10. [49] Figure 12 shows still imges froma high speed video
capture taken during the 1lOexperinment setup of Figure 10. Detail ed
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may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
20 embodiments.
[051] Disclosed herein is a cavitation sensor sensitive to shear flow, i.e. flow which is
able to transport charges in the Debye layer close to the sensor surface. The flow sensing
may be, for instance, from the surface to around 100nm from the surface. Large scale
flows or bubbles far from the boundary may not be detected, only flow created by a
25  cavitation bubble in close proximity to the sensing portion of the cavitation sensor. The
cavitation sensor is compact, sturdy and durable, having two thin metallic electrodes
isolated from each other, e.g. two gold patches with glass in between. Since only a thin
layer of metal such as gold needs to be deposited onto a substrate, a cavitation sensor as
described herein is simple to manufacture. Being inexpensive, the cavitation sensor is
30 disposable after usage. The cavitation sensor may be integrated into the surface exposed

to cavitation, thereby providing a sensor that can measure the direction of liquid flow.



[ 52] The cavitation sensor disclosed herein may have two conductive and
thin patches of variable shape terned el ectrodes. They are deposited onto an
i sol at or WO 28w¥fiseAduct or. The hei ght of the patch is tRCH/SGR2419/08¢87y | ess
than one mcronmeter. The isolator between the two el ectrodes nay be; or
conprise, glass, silicon, or any material 5 wth sufficient strength. The
el ectrodes may be nmade of gold, platinum or another conducting material.
The patches are connected to a conductor to transport the signal to
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[055] The electrode arrangement 104 includes a first electrode 106 and a second

20 electrode 108 being isolated from each other by the insulative surface. Each of the first
and the second electrode (106, 108) includes a sensing portion (106s for the first
electrode 106 and 108s for the second electrode 108). The spacing 110 between the
sensing portion 106s of the first electrode 106 and the sensing portion 108s of the second
electrode 108 is adapted to allow charge flow between the first electrode 106 and the

25  second electrode 108 caused by cavitation occurring at the sensing portion.
[056] Charge flow between the sensing portion 106s of the first electrode 106 and the
sensing portion 108s of the second electrode 108 occurs due to the existence of an
electrical double layer (EDL) on the surface of the substrate 102. The EDL refers to two
-parallel layers of charge on the surface of the substrate 102. The first layer, the surface

30  charge (either positive or negative), comprises ions adsorbed directly onto the object due

to chemical interactions. The second layer is composed of ions attracted to the surface



charge via Coulonb force, electrically screening the first |layer. The
second layer is loosely associated with the surface of the substrate 102,
as the sayondideyee is nade of free ions which nove in PE#ESGepi0doahder t he
i nfluence of electric attraction and thermal notion rather than being
firmy anchored, thereby formng a diffuse layer. At least a part 5 of the
di ffuse | ayer can nove under the influence of tangential stress. Such
stress can arise from for exanple, inpact of cavitation bubbles on the

surface ofhakgreviaubsilémb okt eleditibalybeéentaghthl Hirst 1afypac The isBecdnbi€laydrcisni ty of
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respectively. Lengths shorter than 10.1mm and 8, 9nm are al so possi bl e,
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connectible to termnals (114, 116) which are for connection to anplifiers

(not shomﬁ?llozéﬁf@ﬁreqrfacﬁ Stheceelrﬂ?c{é()%ﬁﬁ Lhown in Figure 1, the first
el ect ncI udes f| r 4 t ctrode 108
Ié(‘)y?ﬁ setnsm }on the | rslt%lt{ deV\fHG fhl% g%g%]%q]h ?llla% &15

i ncl u es cond erm na e second
term nal s‘IeilEingrpertnmslaxsmﬁehb §anoﬁxbehbm@ H)8, edgent 1P dpacingt NO etbsinrthe e 102.

The termnals 114. and, 116 ide for sjgnals fro the c ation ensor
100 to besepézﬂgaa%?ﬁa?%ﬂ%@fl? §§6 ) 1§07 rtt#% 'Z‘FrﬁP‘i“‘F‘?ge t‘é’F‘@‘h&‘F’s&r iJecttw f be
anal ysed ¢k & (BOseR8fd élbaﬁﬁ@ﬂﬁs abEle Bo@fontiNg  Lt&¥iNibBapSredidttd WA tHeliEndiRS a
di nensi on of around 3mm where they are spaced a di stance of around

5mm al ongefi the see protion I(YQq apg ¢he length of the sensmg portion 108s may be arbitrarily

20 chosen, where in exemplary embodiments, suitable lengths are around 10.lmm and
around 8.9mm respectively. Lengths shorter than 10.lmm and 8.9mm are also possible,
where shorter lengths provide the additional advantage of reducing electromagnetic
pickup, as long as the sensing ends 126e and 128e are connectible to terminals (114, 116)
which are for connection to amplifiers (not shown).

25  [058] In the embodiment shown in Figure 1, the first electrode 106 includes a first
terminal 114, while the second electrode 108 includes a second terminal 116. The first
terminal 114 and the second terminal 116 are positioned to be along an edge 1021 of the
substrate 102. The terminals 114 and 116 provide for signals from the cavitation sensor
100 to be tapped and amplified, where the amplified signals may then be analysed in an

30  oscilloscope. Each of the terminals 114 and 116 has a dimension of around 3mm by

4mm, where they are spaced a distance of around 5mm along the edge 102l. In the
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enbodi ment shown in Figure 1, the substrate has a square shape of

di mensi ons 25mm by 25mm [059] Being forned on the surface of the substrate
102, the wWoOneizMgoyerti on 106s of the first el ectrode 10@CAIG201040638NSI Ny
portion 108s of the second el ectrode 108 are 5 configured to renain
stationary relative to the substrate 102. The sensing portions 106s and
108s remain stationary, relative to the substrate 102, to shear stress
applied on the el ectrode sensing portions (106s and 108s) froma change in
t he vel océiyodimentishowal irmFighiteel, slersibsteatobastd pnarkGhspeodf dilnendionsASmah bgt r ode
106 and t sensing portion 108s of the second el ectrode 108, caused by
cavitati oft™®his is in contradistinction to piezoelectric or 10 pressure

sensors, WRYFBEKPEhRAIGE HE SRf-a6 siBRisubiiak: IUZ?&ﬁ:LHeﬁsih% &iiBh 1665 Sntht hem
1060] The el ectrode arrangenent 104 may have any suita Fe t hi ckness, such

as ar oundfiBo@iasirodthd 06| and: thed eensing aprybere 083 0 | theesecorst cloetipgst 08 se f or ned
from cpat | i1 . ‘ u f

el ect rbae iedied 15 RAHHh PlloBly bl SRS Bhudidon ThE S MMftntogs 1, 1
renmove ungsisi08sdemnaint staiosary] labve|to The substnate r1§2 por theamnstkS6 sppifed tonethé i r st

el ectrode ;106 and the sensin orti 08s of the secqnd el ectrode 108 nm
i ncl ude acl&§tadp Sersme %ﬂ’iﬂorfz(égqsgaéﬁg %B\/%?‘f})a.c(?‘?éégeelflrtﬁer@a?f}% 1quid g thg 5, t%e

strip 126genfing ?&'tfohrl@_gs 6f BEHrRARAAR 18Yanh WeLsedsing Portiba GO 6B sécondi SC
shaped, while the strip 128 of the second el ectrode 108 may have an end

128e t hat elpeirode al 8y cauned diynervitetien. diTdés ishith eenteadistingtew & piepeeleqtyis or

el ectypde 108 4 Qnl f&r@uﬁ&@%&@ﬁﬂ?ﬁ&m&? Gikn Eﬂ:@sugé E%péﬁ@cp&pthgxﬂq 126e may
have a radius o ar gun .2 an e crook s ape nmay ave an I nner radius
of ar ound[080R5Thm elddimds tarrapgehfit 04 tiag hhve sty sli@blertbatkndsfGuainds ttvandt ri p

128 of the seco e] ectrode 108 each /have a,w dth of. around 0. 1mm 25
Coea 1 n TG S RO a0g Y for Sl ogRi BPRurBiRaH, 050
exi sts bejipeifing B8 tHé sbseRaN6g seffstel’R9erddrtelédiRd6 ndfiat (RR ds %m? hade.

However, the strip 126 of the first electrode 106 is not parallel to the
strip 128then perfrmingairiective eich empyg undesisedpRtPRfy 110 between the strip

126 ot h@di "Piie ds?h%iﬁ%f,&%n 166 ﬁﬁ?elg&{o:dg éé@%&fbe%ﬁ%h%;@gﬁoﬁs‘é%w ode

108 tapers towar correspondi ng en 6e a t he
30first ethectaondelet@®6deakld mareinslodometripl(£2f amldi2 8 repectivedy)t Reéariingjtothsur i ng

tsﬂgtp egete(;gatsjﬁ%%g?ﬁx%usrtgp q&é r(}i‘ ¥hea{'1rs% Ql%ctld(;dsecl O%hrggyegav%ngn é'112d6 ?ZG%n\gihitcH §s G0 ok

shaped, while the strip 128 of the second electrode 108 may have an end 128e that
partially surrounds the disc shaped end 126e of the first electrode 108 to form a crook

20  shape. - _ B
[062] The disc shaped end 126e may have a radius of around 0.2mm and the crook
shape may have an inner radius of around 0.25mm. The strip 126 of the first electrode
106 and the strip 128 of the second electrode 108 may each have a width of around
0.1mm.

25 [063] In the embodiment shown in Figure 1, a regular gap of around 0.05mm exists |
between the disc shaped end 126e and the crook shaped end 128e. However, the strip
126 of the first electrode 106 is not parallel to the strip 128 of the second eleqtrbde 108.
The spacing 110 between the strip 126 of the first electrode 106 and the strip 128 of the
second electrode 108 tapers towards the corresponding end (i.e. 126e and 128e) of the

30 first electrode 106 and the second electrode 108, the tapering ensuring that detection

occurs mainly at the disc shaped end 126e and the crook shaped end 128e.
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[ 64] The tapering spacing between the strip 126 of the first el ectrode 106
and the strip 128 of the second electrode 108 is such that there is a

smal | est WPR012MF030 of about 0.001lrnm and a | argest spREITFG2ABD0EO7 about
0.3mm It is also possible that, where a regular gap of around 0.05nm

exi sts between the disc shaped end 126e and the crook 5 shaped end 128e,
the smal | est spacing 130 is about 0.05nmm and a | argest spaci ng 132 of about
0.3mm In the enbodi nent shown in Figure 1, the tapering is created by

havi ng t hpes} r i thpdingnphdingebataet tht Qtripdl Xrofaké Srspaleatrdde! 106Qnd il adge 1021,
so that the disc shaped end 126e and the crook shaped end 128e detect:

cavi t at i ohr%ebtrescd slestiods nh0f 18 saghe thab theggy psr  smaligsk spacng 0 phabkauker
enbodi nmen t . rd creat i gl i ni ng
t he other6§?§?%lg§ng%g%$%%%?%'aggfg%?ogﬁg3eéc?ﬁg %Qa rghggﬁé%?Mféﬂgnay

al so be degilgneap sliadound 8:05ohat exists dhetwero iths disaishdped ndt 126e dind ¢hes trapled end

126 d th d 128e. h, di he str.i 26 and
the stri pitul aic b RESmaTe! wete 18D G ARG O TP R anED fessl PgPeeP ol T o
anpl i fi ergoun0BmSh 0Wjhetdiitodhent BRovnh BFigh®r Mithatapddds andedtbEby bedng 15
termnal 116 reﬁgectively. This may be achieved in several ways. For

i nst ance, the §&IPs17S) ingline abputcl i an agisaralleble theedge 1021, sethatithe disc shppedind t he
second el gl {288 nd B Bk MSp P88 ACES!ARERioR ToubBEof BRI ncter

Al ternatively, only the sensing portion of the electrode arrangenent 104
(i.e. theoftipprxahatpyd nend In 2der embodiments (s kshewm)p d tapatinga8ay boereathd
enbodggent shﬁmn hg F} ure %%iqy oQF vaided on the insulative surface of
the sﬂgff K& RR TS ﬁ? @a¥t tion of the remai nder of the

el ect r ode[08s) aTigedledtiode arprligevietle d0intaktiatsot Heeddsipaed aidhviiatsdstdotior oofurs he
substrate. As a further possibility, the cavitation sensor may_include a
further imaghaet vhe dsfe Pl}anﬁﬁe‘?r@i A%ﬁhéﬂé hei fgokosherednerqd 128et h&n vk shaped
end 126e éiﬁ'l?od‘irﬁé‘ntyfﬂgkstﬁﬁwl%daxﬁnﬁxelﬁﬁﬁ 128 ark Nyt SRRQA RN AN AN dch oET gur e
1) of the electrode arrangement is provided on the insulative surface of
the 25 semoeqtimgetripatie pmphiiers (natishewn) theoyeh the/ferst tgyeinal bl4pmdivtheleetond at

| east partion the..remaipder of, the.el ectraode arrang t.. The, further
insulg?ifgmﬁggé}ﬁgFEW§yvﬁg'o 1§ﬁgﬂg%%ggﬁ§F§HP§FV%§ ?ﬁ%isgggﬂFg g?thGG] In
t he enbodinmaiekt sphaig 13 betwernrthe first tleetralieslO6 ahd fredecind eleGedaneB mhgber ook

shaped end 128e are positioned ground, the centre of the substrat 02.
Powever . TCH § (isgebg Hope e 2f0am, Al mwye%osaflﬂw’gﬂm&eﬁ fiown) ,

the di sc gbarad affcheaieft Idxe(zi.e.rmelais%f&ﬁﬂﬁd <804 268 dPRe RV shaRAtn@N 288y
portion of the substrate 102 surface. [67] The spacing 110 between the

sensi ng por thegmmbpdseny shewiein Figare laineast heqrieviderbom e insidativersyrfngs gfdhe i on
108 el ; . h . bl
> ?fe C:ngg-séﬁﬁo\ggﬂee a?‘i\’éagtoggm%tg% o B Prhfihdd ENne HATRL eagrggéeg?enpq? e to

be de e spacing 1 ween the sensing portion 1 the first
el ect r odeproGidedivdthih ¢hes wssliatige panface cof the Sebsifate hAsse dantitbr glossibilidehd 08 i s

preferably of .a 5 naxinunHvagu I%g%qg gpou | es tha&bhalt of t.he .di aneter

of the buBBIIPSHYT FYdLr'Y .a?‘t RIS HYPT 3P RS FeAMREPBHOR (e £ 1 st

el ect r odethd AéscaRshedRd 1286 ahd tHOdrbdloshapbB end 1 28ehRr BRCAMbIBhaRtshodle id 08 ar e

provi ded on a conmon plane, In the enpodi nent shown in Figure 1, the conmon
6

pl ane is g Depf thy elggiradg, argangement; Kepravided oat e ripsulativegortags gfirthe 2A to
2D shaw cf @558 Cehil O MR HRENSnsuBOE Jagl i) rERBRCHA \UE ILRP 2VhEHEA Pl the

remainder of the electrode arrangement. The further insulative material may be of the

same material as the substrate. .

[066] In the embodiment shown in Figure 1, the disc shaped end 126e and the crook

shaped end 128e are positioned around the centre of the substrate 102. However, it will
30  be appreciated that in other-embodiments (not shown), the disc shaped end and the crook

shaped end may be positioned on any portion of the substrate 102 surface.
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10 cavitation occurring on the surface of an el ectrode arrangenent 250
imrersed into a liquid. The el ectrode arrangenent 250 is fabricated on a
surface ovo0BIS8I22at e 202, so as to provide a cavitati 8aTSEREOH000397 70] The
el ectrode arrangenent 202 is simlar to the one shown in the inset 150 of
Figure 1, so its structural features will not be further el aborated.

15[ 071] Figure 2A shows a bubbl e 204 approachi ng the el ectrode arrangenent
250. In Figure 2B, the bubble 204 expands/coll apses onto the surface of the
el ect r odel0a7) ahigespacing 150 batvaeten tleateasing pbaiwn 106s)of theffirsteledode 196 @ergpansi on,
there will be a radi.al tward fl ow and during.coll an.inward. 1l ow
whtch 15 g gEning, Begn, SO 85 e broPiy PR RIS Srn B Ui AR EE s on
the surf agmbRsStoShoudiedted. FiTHE sPackle 11 Bétabery théGesifg bbaiohN@6b Wolthefitseads to
a repeating flow gatter n. A transient bubble (vapor bubble) however, only

osci | | at edeqteoge d )¢ prd the fepsing portiom His<d sheyseernd plegiradsd OB igpreterably of e £ ow
pattern cre 1 HGl | dify the
Char g6 conprh pifut SURPHRH! B har Stihd LEhELE LY BELLANG 1 be EATURC o)

4, 254, 377068 Thessersing portide 1 dGsref tlgpefimnele@fde 406 amhtht lsensirgqioatiomiP8s wbst r at e

202. A current of. the unt 25is(t)= u(x z, 1) z,.t)dzdA is

o eat ed. - {ihsrtend elebBoIeEI B efcoiRd haibmitonifas | Bidks ghbfumbalBginth | he
char ge depgide), eSofinkuit plate iv pardilélGo B sarfhdensTihcsubafatd hg2.di st ance fromthe
surface z, and dA =thdy is the surface elenment on the el ectrode arrangenent
250/ subst 089k Eiggres 340 IDHAN capseredtional Iows @iAnearithsresnacdve oprasis) ®hi ch i s
ret ur ped .t 0 o r: ifier and
ot ur i ci Panpid el O inRBREE 3¥an itol bl 290 LM A TR o
current ikqudalhe ele¢tmde armugemeanid sifahricatsd do atsorfhcevef asswbstraté 202, shamdwi dt h
and sensitti Vi t.%% Tot {.educe the sensitivity of the el ectrode arrangenent
250 to el 8HVINRYRETPLOHETEE; the el ectrode arrangenent 250 is connected to
a resi st opp70orheSélesmrde Qlrrah gt dni 62 a4 Signilanitd hetoreusHoall i thalitket 050 ohat of

t he i nput_inpedance of the current anplifier, For .instance, a variable gain
hi gh- speetigBigrls shits %ﬁismr?lif@am@mvm B beyfpseher elsboratedm FEMIO 5 Messt echni k

GrbH, _lﬁeri[obmr FEhABY shiws PBubli€d04 aBEx%]aclEﬁ@er?el&tx!oae ArhARmEneWs@f 1Anot her
embodi ment of a cavitation sensor 300. The cavitation sensor 300 is
sui t abl e Figured@Becthe nlgpbiblen 12108 sexpands/dollgpsed. ontp 78 Sirfick apf tthe Fileptrode 1, t he
cavitation_sensor Q_ha trat.e 2 i . | 4 rf.ace; and
an el ect r' 8tfe g%?‘?%r%@%ﬁﬁ%%ﬁ?%ih@ 1dl %()igh(]))\slﬁ}{é Egga%gwlé#%g%ﬁﬁgmee PHalf

outward flow and during collapse, an inward flow which is superimposed with a jetting

flow eventually spreads outwards on the surface as shown in Figure 2C. A stably
20  oscillating bubble leads to a repeating flow pattern. A transient bubble (vapor bubble)
however, only oscillates few cycles until it condenses back into the liquid. If the flow
pattern created by the bubble 204 is sufficiently .sfrong it can modify the charge
configuration in the Debye layer (as described in US patent no. 4,254,377) on the

electrode arrangement 250 and on the isolating substrate 202. A current of the amount

25 I ()= Iu(x, y,z,t)p(x,y,z,t)dzdA
is created, where u is the velocity component parallel to the sensor, p the charge density
distribution varying as a function of the distance from the surface z, and d4=dxdy is the
surface element on the electrode arrangement 250/substrate 202. The second electrode
228 collects this current which is returned back to the first electrode 226 through a

30  current amplifier and return circuit (not shown). As the liquid flow is fast and the created

current is small, the current amplifier needs to have sufficient bandwidth and sensitivity.
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10 of Figure 3 to be provided on the insulative surface of the substrate
302. In another enbodi nent (not shown), the el ectrode arrangenent may be
provi ded WDt2hi2s032@¢ i nsul ati ve surface of the substrat e PCT[SG2)10Dhes97

el ectrode arrangenent 304 has one or nore arrays (304a, 304b, 304c and
304d), each array including one or nore pairs of first electrodes (326a,
326b, 326c¢c and 15 326d) and second el ectrodes (328a, 328b, 328c and 328d).
The pairs of el ectrodes may be arranged such that the first el ectrodes
(326a, 321b reddizé theasedsiBRifddf tha ctlachreds acangemehteXSOrto dbstrodagetic 3B8b, th828c and

328d) alternate with eac ther, i.e. the first el ectrpde. (326a, 326b, 326
Soo0l o Sl efbeamany nafisiontsstadh aatron 5ot GV ELob Ay HRdeRs B abgn.
328b, 328g s@ifhle3vdiel of thACofelb dshulBipedaRRVGY the clir&iifathpBifiet. | B&t stakce, an array

of 20 parallel wires or strips, but it is also possible to use (not shown)
an array wiriablsncgain rhigh-snesdscurrant \amplifiss syehr asi RHECA-HER from FEMEQon of

t he el gct 30 L to optimze the space on the
surfaci owgﬁ%c Slﬂ‘ﬁ(g‘?ﬁgfg&é‘gzée’%%%?&%g’?ﬁ‘ko the first electrodes (326a,
326b, 326[7andFigied) isamdbpt hiewsafcamothee kmbodiodasof 328dtatid 8knsoB836¢ dhd 328d)
are isolated from eagﬂ ot her b¥ t(@re i.nsul,b E‘Fizve §ur.%ace. Each 25 of the
first el etAMBURR SEARPTOAR ISTuaNg 1 EFFP%@J? A%219Y< 328a - d) includes a

sensi ng PRrBj oSinfiR? 48 Figutd HShe I2AfGioAREnsd2BU0; had 28 85bstr@ie8IR, ha2BE anand
328ds) which, in the enbodi nent shown in Figure 3, extends across the

| engt hs ofnselpéver surkaee; apd ap gleckedeqrpngsraent BHaviticly Bashowg in geganbodiment hat ar e

adj acent r : j , 10 en

2d) acch SEREARTS 3 MEirra i SR ey fyfel R ane R 0% T

al | ow chaembodilneny (@it whemwn),heher elsgremtei amarfgemsnt elaycbe outevid@® Grithin dheand t he
second el ectrode 28a. - dl?b catused by cavitation occurring at the sensing
portion. PEATES 'aﬁeggrﬁb?f 5R&e(326as - ds) of the first el ectrodes (326a -
d) and t hp7apnshdelepddel SRngéBaR BD4-had One Vr hibre HRGOMB0R| 8041, Bdas ahd28a -
d) may be provided on_a_common plane.. In the enbodi nent shown_in Figure 3,
the conmoddqsd).agneh agrayinchiding oneor marepits of dirgrelectrades (5262, 32ab-389¢ a5 076)

Bei n or h , ; i LONS
C3p0ads 53R Ry sond YekRfes R30da] 5o B4 BESIIE, ThO ot BOHAARA

conf i gur eble arangedwinch dtantheofist ylecteddgs i(326ar 32GH, 826w brd B26d a@dthe Fepondensi ng

portions (326 6b 3 S S; . .328as 28bhs,. 328c¢ 328ds)
remai n st glffztﬁqﬁl% ﬁ?’e?zagtbt §2§°t %1%?%3 ﬁg %gesr'{’ Fa é%ﬁl% Oﬁgr’é'ﬁp ﬁfeefzrsgﬂg%rroglgt ress
];,r2(6)3lr3n a chesnge, jzc?bl Bl%dcvzﬁidolﬂﬁd}’ iDdlispdsad iildnﬂﬂiatehe?idjmg ttgtlﬁ(}fetdrglnégec(tﬁ)HGaS, 10
s, 326¢s and 326ds;  328as, .328hs, 328cs and 328ds). cause
cavi t at i of?285h128b; ¥8 3nd 3ﬁ§$a$h§tefrﬁ’8f11”&ﬁ’i“ P I E‘I‘ré?‘_t iflpgiratgs %‘r%‘?é’ Gfe
Sensohs, Pﬂm&r WXR ! sBips et ie B ﬁE@FH@aiblé’%e&eRﬁ&Ss%HGvﬁ) bi$ afPPbf Bshceftrit hem
I gu

[077] TIn e enbodi nent shown in re 3, the sensing portion (326as - ds)
of the firiags. It will be appreciated that the position of the electrode arrangement 304 can be

varied to optimize the space on the surface of the substrate 302.
[075] Each of the first electrodes (326a, 326b, 326¢ and 326d) and the second electrodes
(328a, 328b, 328c and 328d) are isolated from each other by the insulative surface. Each
25  of the first electrode and the second electrode (326a — d, 328a — d) includes a sensing
porﬁon (326as, 326bs, 326cs and 326ds; 328as, 328bs, 328cs and 328ds) which, in the
embodiment shown in Figure 3, extends across the lengths of the first and the second
electrode (326a — d, 328a — d) that are adjacent to each other. The spacing (310a, 310b,
310c and 310d) between adjacent sensing portions (326as — ds) and (328as — ds) is
30 adapted to allow charge flow between the respective first electrode (326a' — d) and the

second electrode (328a — d) caused by cavitation occurring at the sensing portion. The
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el ectrode (326a - d) and the sensing portion (328as - ds) of the second

el ectrode (328a - 15 d) are strips. The strip of the first electrode (326a
- d) is pEPa12alsei2e the strip of the second el ectrode (BEB&RG2019)006397 al | of
the arrays (304a, 304b, 304c and 304d). Although the strips are parallel,

t he di stance between adjacent el ectrodes (for exanple, 326a and 328a) for
one (for. exanple 304a) of the one or nore arrays is different fromthe

di stance between adj acent el ectrodes (for exanple, 326b and 328b) for

anot her ( bemsingXp@ning (Mb)— AR obthetfiret clerodes (B26e —ad)rany she seneing Pbatbons 310b t

310c 310d,. Ho | 304a), the t
et voon ol eon i O e oA TS 2R T B mbbBE BN RD 8 p CPE AP IEEd |
thi's manngfe, enfflinéit sBYwH %9#9%?@94@.3 BRfonaNeh3R 4 aldet Lo Sulishbbemeof a

specific dianeter, enabling the cavitation sensor 300 to detect bubbles of
di f f er ent subistiate88?. si zes. For the first array 304a, the strip of the first

3108 of ouliToh. B G B Pl of I SBEPRE 61 SaE <Ol G RP LB, 2F T

el ect r ode33a6p 326ud iﬂde3Md|s; P2&s, BhEbss 8eReydare] A28dspciee 3addipunely td)eerﬁzpﬁced

310b around 0. 07rrma art hird array 3Q04c, first
ol ect r odeSSTNATRAT RO s %@SW?‘H@ SheFing ml?l&d@gazs%myi% s@dced
310c ar ounskdd: HAEN PREY, tazscF%deg’dsB %iﬁélﬁ'st%ﬁ&?alfy $aédve foliRe §ibkire 8b2 tihe first
el ectrode 326d 30 and the strip of the second el ectrode 328d nay be spaced
310d ar ousrplied sheer afpess froms) ehaage meth% velpgity @t‘rlmuphzrtam sensing pertiopa 32888, 310a -
dis i f F’?{éﬂ ve ebadi ts (not
shovvn;w Eiégfg ;Aériéagg?ec dﬁ% gﬁ lhsén’s’gre(:%:%%nf{ ?‘Jrug%{e]by#akl]%no one %){rm{r?mre
arrays nayonmthsbmctmar tal piezoekotrichat pesiune rsetisape r\ﬂmid:lnmpsai&mtm displabanent The

di stance bet ween ad nt, el Ectrodes in all of the one or nore arrays may
be the sa e’fB‘iﬁsst“FFesé dPRdPet he el ectrodes are parallel or not parallel.
5[ 079] Refoa7i BOhé embbEnRADMIWHER FipghhO3WAhd &enkihg BoRiod (31638 —daf b0th@Tirdt he
space (310a, 310b, 310c and 310d) between the strip of the first el ectrode
(326a - dyleeirrde(Bbast d) gnddhe sansing perien (328 rrdshel the serend cleptrode@28he wi dt h
of the.st h r second
ol cct e 5 §Eind " S hf b el cRERod 189 5 afd el ucifip B sbcdia PUCOT
will be appctesicaB2h + Rtfor hlb o€ theatrrays (A04se S04t \304e aoth 30dd)l, Attbpeshdihag on

10t he si ze .of the hubhl es tha be detecte 80 opt |

di st ance. BEPEERARIE s (1818 CEPrsa ediepens TS Bor erable 25e RS s0ab,
304c and &R4she (fer gawld1804d)Yoft the dahi? okl fayanid diffi@erdefr@h nthe distaide Of
bubbl e size is within the person of average sk|II in the art. [8 For

exanpl e, Petween adiearpt dlersiodes{forexample. $A0b1d 3288)dar another fapexampls 3 ess
over 3§ lgr @kGmedf ntRPRAXISTRE S 10a% F10b ;Rm ﬁﬁg%@ Emevérs withfh RShAEm

bubbl e radi us. Accordingly, the spacing of el’'ectrodes may be of about
0.1 to 0. &ray (fersexammplerdddp)rthe disiioisk betwedh adjaceTiheledtiadesi(for exmpimidafandquency

of bubbl e§2§arj' VAL ande, T W tn?ar}Bgrr ALl %rrifl)§ (%4'2:1,: %Eﬁ,%]om and 304d) detects

bubbles of a specific diameter, enabling the cavitation sensor 300 to detect bubbles of

different diameter sizes. For the first array 304a, the strip of the first electrode 326a and
25  the strip of the second electrode 328a may be spaced 310a around 0.05mm apart. For the
second array 304b, the strip of the first electrode 326b and the strip of the second
electrode 328b may be spaced 310b around 0.07mm apart. For the third array 304c, the
strip of the first electrode 326c and the strip of the second electrode 328c may be spaced
310c around 0.09mm apart. For the fourth array 304d, the strip of the first electrode 326d
30 and the strip of the second electrode 328d may be spaced 310d around 0.1lmm apart.

Since the strips are parallel, the spacing 310a — d is uniform within each respective array.
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where D is the resonant bubble diameter (nmeasured in neters) and F the
driving 20 frequency (neasured in Hertz [1/s]) may serve as a suitable
desi gn guwoeonspe2t he resonance dianeter, D, is identi PCESGASI00MESITrAXi Nnum
bubbl e di ameter, Rmax. For a 20kHz ultrasonic cl eaning bath, the resonance
dianeter is approximtely 0.300 nm for 100kHz the resonance dianmeter is

0. 060mmand for 1MHz the resonance dianeter is about 6 mcrons. Thus for a
201(Hz ultrasonic cleaning bath, the gap between adjacent el ectrodes 25
shoul d be[078} iRedihe}Cnidadindén® (HbCshong), thofirdektdieamd!the gebnd Hastrale@ft D a
signal is not expected, as the flow dies out rapidly. Mre details on the
rel at i onsHMOISANBYS aB@phmay ngtbeiBarale sp 4 sitherdapsre fuywands thgwpher s Jhe

exanpl e, QNG i L X i [ Je s I he
Sounds of Eﬁ%&%m ng %&Q&g@f%ﬁéﬂ%%%gg?{thg%gg%Fh%?éoanlﬁéﬁl soﬁﬁ?%ﬂﬂq@%gazi ne,
vol . 16, the c2@5vIR48the 3lkc@8dSs atdpieallelor mmgatlehi ng as frequently observed in
ul t raspun eani ng a i cat,i ans_the maxi num bubbl e di a er i is then
o tunet i ol 78k “RAuRTSEE e et Yol ds B b e wlp it el ng ' Che
non- | i neag1dwuBbdean@sTliol) Bétiveen teGeip Off the TR dRasdE BPeAt-<d) aMBrtke sifpaifl S can
be found in the publication "Nunerical investigation of nonlinear

osci | | at | Bagewond glestrodeBPRa— Ak apd fgividth ofythetrip of thedirstelasgpde (26aT dur nal
of the Aca}iasmecs%ép o HElebofd e 6de0@z§/§|g-c25&s thO vakies GRRY 427 Y 794 H 283 293.

5 [083] Returning to the geonetry o | ectrode arrangenent 304,
maxi-mum drespeativdy.b&twilldwe appjeartedithat|tiese ragesihies maythe chamgedy dependingpn ay s

(304a,  304b, .30 nd .304d) i referably about |ess than half of the

di anet®r S{Zﬁfgéﬁﬁ%g%leiéa{)aéegoe&e g % Accordingly, the spacing (310a,

310b, .310psendTiklétimbetivaace bdi@eatdidcont ddtioti€in @By 6AGof thel ajrayandodd)e
sensing portion (328as - ds) is preferably snmaller than a dianeter of 10 a
bubbl e t 034®: Fceand S44d)mip geverprdihyehe hybbils Hem andthe determypation ofbubblasige shed by

usi ng el egtyiageuleRsh bf SrabesRindh kfeaent spacing. [84] Each of the arrays
(304a, 304b, 304c and 304d) 1 ncludes a first common term nal (340, 346,

348, 352)[088] wWhirechamplehit éf knowa thatrogvitasion bubbldeeredtg 3Gong SR @streSP@¢r aB26¢) of
one ot, nore_electrode i r 3 , 2328a. 326b, 328h: 326d, d; 326cC,
328c) Ii5ar e &b fﬁ%%ﬁm’ilgla%? ’g ise%(?ﬁri’fti" c‘grﬁne%nﬁf‘”érlrsﬁ r:hetil “{aéﬁ'é“m Slg%)%iget (’Sadgl i ch each
of the segaetvidiaglgcthe gpieing diBacledadbs m3ap 8e of AdBd).1a6 OtShémesthe araxitmme

el ectrode irs (326a,.328a; 326b, 328b; 2&3 328d; 326c¢, 328c) are

coupl ed. DYyobiq radiye Fhelieargeapaneeitiganeneyiof gg s ig pter g B ONBISBPCLARKC 5
second common term nal (342; 350) gxe-ghygnged parallel to each other,
while the first and second el ectrodes (326a, 20 328a; 326b, 328b; 326d,
328d; 326wherg2Bcis deeresgnagh fubblp adiametel (measaredhinometars) gt [Fethehdrivingst and

I . a: . 6d. ., °
v andea BEMEATTmbALRR, in AR (1G] day e o8 Mhable Whsigy Witp HREEE5e2)
and t he sesandcediamowrr,t/2risideatifi¢dBa2he 3HRIMum pBitle Annsten\Ri.i.[FoFa@0kdz 3, t he

second CC)u Uaglontlceélg?antllx%‘gl l?atl%%ﬁe Pefso&a?lge Iiilarrn%tter ?érarp%}/ox:lgrgﬁtgly 0.300 mm, for 100kHz

the resonance diameter is 0.060mm_and for IMHz the resonance diameter is about 6
microns. Thus for a 20kHz ultrasonic cleaning bath, the gap between adjacent electrodes

25  should be between 30 and 150 microns. For distances larger than about D a signal is not
expected, as the flow dies out rapidly. More details on the relationship between bubble
radius and resonance frequency may, for example, be found from the publication “On
Musical Air-Bubbles and the Sounds of Running Water” by M. Minnaert, 1933, from
Philosophical Magazine, vol. 16, pp 235-248.

30 [082] Under strong driving as frequently observed in ultrasound cleaning applications

the maximum bubble diameter (which is then a function of the pressure) can be
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25 and the second array 304b nmay be coupled together. The term nals 340 and
342 may then be connected to a first current anplifier, the termnals 342
and 346 &9 2014130322 connected to a second current anpli PCESG2010809387 mi nal s
352 and 350 may then be connected to a third current anplifier and the
termnals 350 and 348 may then be connected to a fourth current anplifier.
A respective one of the four current anplifiers 30 will have an output when
cavitation bubbles inpact el ectrodes of a corresponding one of the arrays

(304a, 30déterndfdt bantbr Idsiple, kolvingi the rmﬁnmrear bubbid asdiltatioaciaodelictdfrath any of
304d) may be neasured

the one or nbre arra 4a, 304 3040
separ at el Jeasufgmnis %ﬁwgqﬁalﬁ&?n bp fpmd ip H@ Y %Péittloeo‘ﬁlh‘ﬁ’r?“f’@rlﬂ’(fﬁ‘égat@&@f of a
first ar rﬁ‘é(nlfﬁ%aosgﬁlah&% &fn%as%bﬂ% fn ﬁ% i@y RRARr 130@ R 88m %Wn&%‘d) and

a first common term nal ond array 304b of the one or hore
arrays (304acoRithl S@EcofatnderR04@). ¥aYo. bl FebughelP76§8t298r . Sinmilarly, in

ot her gnbgqi S eac f fi rst corm‘n) erm nal s may not
be cougl eﬁ)%:3 ggg tﬁﬂ(’l ﬁl%scga ?)m?mf ﬁ)g tgeéceg)er%cf O% BP0 her’r'gi?

coupl ed t ggahbebetweed &l}]{ceﬁeélediti‘ddﬂg fdrah&ogel bE fnote a;m@sé?(soad)sosubm%ah& (102
302) may be fabricated from 10 gl ass. The el ectrod@earrgngerrent (104, 304)

may be fabP4d)ds ereferablyabany les i deliref thediameter ofsthebukblesqbedetected. nor e of
gol d, pl aAbE&}thf}d thd fsamﬂgnmbs'dyﬁibr i3abc %H@lma} b&%en tix@%&nsmeg&%ht ation

sensor descri bed herein provides for a sturdy a I nexpensive 15 sensor
whi ch i s 63bas + ds)raed she sensiog pertion (¥28and ds) lusemjcrhblafsn@blvn than a dmntntﬂ;bllf e

| ndUC%i fl a MHAT 3 We fél t&cted, [l"l%(l)s] dly renqq;{lrp)g s s(%ze%av%l); ﬁt nlnoclpuerr%S) l%y 1(r]1g

turbonachlnery, shi'p propel I'er’s, I'p rudders spee
pi pel i neSele&fmi‘é,gebxlﬁetneawithaitfaaéhtsmmgr descri bed her ein may be used in all

t hese envjron to optim ratjion paraneters w.thout structural 20
damage. [0§4] T ?Yﬁéai‘%aog‘?‘@ gﬁt"tfaarﬂdr?&“ ingludes 3 Hrst ARRMBER{ITBIRRkct or

i ndustry {a0r $48)Y48 3D tocvuha; @acﬁ%m@mrgtaéwc%désr(maoB@@@%@@d 386 rone The
cavitation sensor describ herein may be integrated into the cleaning tank

(batch preceer) ele@mdglpelrwé?f?ép, %ﬂgéamﬁbg 32%I326¢r3?§deﬁ2®nt388®m6 weinded; f or
onl i ng, COpty ﬂe"g"‘wé‘gscr. b&%ﬂr}??gb 3§"(§‘?o ‘%Jh?c%né P{h%%%sr gsege%trwe%z(hzﬁ"e

cavit %I on sensor use I'c cleanrng of
nmenbr anes328bn 3p8¢,t328d) af thiedmecart monasee‘d-mmdeg)afrs)l(néa,vm&e 386m0¥A8b; 32@d, cont r ol
t he armun%|2 g%ﬁ’g und ener gy to prevent rupture of the nmenbrane. The
cavit ati orP¥en afﬂcé’ém gurgl cal instrunents in ultrasonic bathes.

Si nce thejosayi Trd ﬁﬁﬂc&ﬁxﬂﬁ@Eerﬂﬁﬁp(mbezhdﬁsw%zmﬁi the SRl EordfSh @imindl mMay be
included I n nore expensive instrunments. 30[ 093 The cavitation sensor

descri bed(34r £10) areeayrapged pasellel to ¢apl othex éﬂvléﬁh t Adegndgectrodes (3262,
20 328a; 326b, 328b; 326d, 328d; 326¢, 328c) are arranged parallel to each other, while the

first and second electrodes (326a, 328a; 326b, 328b; 326d, 328d; 326¢, 32j8c) are
arranged perpendicular to the first common terminal (340, 346, 348, 352) and the second
common terminal (342; 350).
[086] As shown in Figure 3, the second commbn terminals 342 of the first array 304a
25  and the second array 304b may be coupled together. The terminals 340 and 342 may then
be connected to a first current amplifier, the terminals 342 and 346 may then be
connected to a second current amplifier, the terminals 352 and 350 may then be
connected to a third current amplifier and the terminals 350 and 348 may then be
connected to a fourth current amplifier. A respective one of the four current amplifiers

30  will have an output when cavitation bubbles impact electrodes of a corresponding one of
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fl ow systens where cavitation may occur, e.g. artificial heart-valves,

hi gh- power ultrasound systens for nedi cal usage (shock wave lithotripsy,

hi gh i nt e9i2012/656¥%sed ul trasound), sonocheni cal react oPSTEEAW0PP38S0und
enmul sifier. [94] Assumng a boundary layer with a |inear velocity profile
and a specific charge distribution it may be possible to determ ne the
gradient of the velocity profile fromthe 5 current signal. Thus, the
cavitation sensor described herein may be able to neasure wall shear stress
and det ecthe aawyst(3042 204ty 3D#ganddi)4d). tIn this glanfi¢roeavitatiesoccerripg at enyrefaberr e t he

flow in injection valv 0 a ngi 95] Fi gure 4 shows a sketch of
L Ut acBle® mare ek SR04t S9BoRIB0%Y b e et Res 402 S0 boe]
The cavi t||mB17p NA RISHSR ot FownMiheC first SoraABR t@shikad 330 et mehakdye3@acoitiher ef ore

repl aceabl e, is nounted on a sensor hol der 404 which is connected to a nain

body ( notoryrmvmrermam (P4an3UbedPcomddWdhped ¢ due copygrenetespinalipdd of &ct roni ¢

board |
408. bu%l&tcon JA{E% 3\(9%{)1:8%% o?g ﬂﬁuﬁo‘ﬁ—% g%j&‘é*%??}?g‘éﬁ§3%§%ﬁa§ﬁef&o%}ga spl ay
el ect r oni ogéthar d Samddrlyz es other smgorhmpnte @ot shevi)5>wractbef thé fpgaksmpen tine

interval, and the ave t ks t h t th
cl ean:/ng @F?‘&?ﬂémyd%t {’%goe‘\?? ;tgg r@“‘i?&grﬁ}fﬂ&asﬁg?r’r‘iiococ & a%'?ﬁlégé&@’&%thol der

404 has tg dRple@fchetrpugh to reach all places within an ultrasonic cleaning
bath. If an a I|f|er i s inside the housing 406, the sensaor hol der 404

needs to 88kHRefprrag taftigwst 1endct rtbwgb@g@'iec(l%u 3®) mpinbe dgbricated feamp) i fi er
TRy 2150 Hes2 Rk Akl alrlifpelRht PB4050h T SR@ridueld Bling Uty LBnduREEASE the

S|gna to-nolse ra
material, such as any one or more of gold, platinum and titanium.

Industrial applications ‘
[089] The cavitation sensor described herein provides for a sturdy and inexpensive

15  sensor which is able to measure occurrence and strength of cavitation bubble induced
flow on surfaces.

[090] Hydrodynamic cavitation occurs in turbomachinery, ship propellers, ship rudders,
high-speed pumps and pipelines. Thus, the cavitation sensor described herein may be
used in all these environments to optimize operation parameters without structural

20 damage.

[091]) Ultrasonic/megasonic cleaning is used in the semiconductor industry to remove
particulate contamination from processed wafers. The cavitation sensor described herein
may be integrated into the cleaning tank (batch process), single wafer cleaning tool, or
even onto the wafer for online control and optimization of the cleaning process.

25 [092] The cavitation sensor described herein may be used for ultrasonic cleahing of
membranes, in particular delicate membranes for reverse osmosis, to control the amount
of ultrasound energy to prevent rupture of the membrane. The cavitation sensor can clean
surgical instruments in ultrasonic bathes. Since the cavitation sensor described herein has
a simple design, it may be included in more expensive instruments. '

30 [093] The cavitation sensor described herein may be used in the research and design of

flow systems where cavitation may occur, e.g. artificial heart-valves, high-power
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[098] Figure 5 shows a typical signal fromthe sensor 402 in an ultrasonic
cl eaning bath which is anplified wwth a 200 MHz bandw dt h transi npedance
anpl i fi erWPCOIYBM22vol t age anplifier) and sanpled at 1 S&F/SCINEOABDer and
anplitude of peaks (negative 502 and positive 504) may be used to determ ne
the quality of ultrasonic cleaning. 25[099] Figure 6 shows an el ectronic
board 600 for the ultrasonic cleaning nonitor 400 (see Figure 4). The

el ectroni c board 600 includes a signal conditioner 602 which anplifies the
current sulgasdunflrsysteink foc aeidicat isge (ehmsbrwat@2ithdmipey)tligh imehditygecssednal
fromthe sliﬂgnal condi bi onglr 6(92 IS f]?rd'i nto a tPcrocontroIIer 604 with a
bui It in WHAPSYANSYchrmica rpjeters Audy 8?0,““%8%151 Wipply circuitry 606 and the
di spl ay 4?@4LTD@_SM§1@ a3bbudiry QByed Wt & liﬁézﬁ‘d/el&itztp%ﬁletah@ aNEpRGIAE UNERE
Instead of the microcontrol|er 604, a nore SOP | sticated signal processor,
capabl e oflisEbuperit rt be possiblestogletegmie thy) gradient of the yeloctrprafie fism thaal ysi s

of the siggg{ L: h AR JIBY; '
ul trasonic ¢ megl%?%ll'g%ggé’ﬁgéj‘gd&g%{té?ﬁg&gg%rmenb%lli%l'%l—g‘dxgﬁ%g%glgklt-g& 0 cggltlur e the
peaks shoshear streSs gt detdst cavhmtisrmnpliquids wigh kigh Hlow citdsee. gt tolnssure e flowes

hi gher 5 than the lfat h'.s operation frequency. Thus, an 8 bit AID converter,
which is PHBEFIALPIYSS O5FY PEMEHNFi gure, may be used for the mcrocontrol | er

604 to aan95£eFﬁ_gh@ FipRala dkeRMdris ubitbiia tieaRing esMor 40Pusih®aQdvitdibgur e 7
shows a blo di agram of a megasoni c cleaning nonitor, using a cavitation

sensor 708ns¢iA02a singl e wafer tool 700. 10[0102] The single wafer-cleaning
tool (PO tb??gq%@%&%laﬁog Qendo ! ﬁ&m%ﬂ i ASHUL 1P b SFURBIE UnUiktepdts | N the

megahert z uency range are applied to a streamof water. The stream
exi t s t herepbzedbde, iOtoanted an\aesensor heldei7 804 wiwhrig esnnented tovafreain Hody arod

\S“p[)?:? IS ogé}‘ot“gsthts‘?g‘{l{}é]%g ;,el%ggn’\é\ﬁ%tp]glglcésg Fzgoulrle B.soflxterﬁgc?rrcr)in}csbéjalré & %v?t%nca
waterproof housing 406, which gives access to a display 408. A button 410 on top of the
housing 406 starts measurement. The electronic board analyzes the signal, e.g. the

15 number of peaks per time interval, and the average strength of the peaks to characterize
the cleaning strength of the ultrasonic cleaning bath.

[097] The sensor holder 404 has to be long enough to reach all places within an
ultrasonic cleaning bath. If an amplifier is inside the housing 406, the sensor holder 404
needs to be shielded against electromagnetic noise. However, the amplifier may also be

20 placed at the bottom of the sensor holder 404 to increase the signal-to-noise ratio.

[098] Figure 5 shows a typical signal from the sensor 402 in an ultrasonic cleaning bath
which is amplified with a 200 MHz bandwidth transimpedance amplifier (current-voltage
amplifier) and sampled at 1 GHz. The number and amplitude of peaks (negative 502 and
positive 504) may be used to determine the quality of ulfrasonic cleaniﬁg.

25 [099] Figure 6 shows an electronic board 600 for the ultrasonic cleaning monitor 400
(see Figure 4). The electronic board 600 includes a signal conditioner 602 which
amplifies the current signal from the cavitation sensor 402. An output voltage signal -
from the signal conditioner 602 is fed into a microcontroller 604 with a built in
analog/digital (A/D) converter, power supply circuitry 606 and the display 408. The push

30  button 410 is used to start the measurement. Instead of the microcontroller 604, a more
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15[ 0103] The cavitation sensor 708 is placed on a calibration pad 710 next
to the wafer 706. The nozzle 702 paraneters (height of the water jet 704,
fl ow rat evodoeysoee of the water jet 704, and hei ght of PCRSGReH08003906
surface) and the operation paranmeters of the negasonic transducer can be
adjusted to for optimal cleaning. [0104] The optim zation procedure may be
done before the wafer 706 is cleaned and 20 possi bly repeated during the
cl eani ng process. Therefore, the sensor 708 is placed on a material with
very. Sim Liphi REAUE Lifndl" BRRELORS cfiblc S YBhEPIct Ofata THRIREES Ug, PRGur(ct0 Y
consi st of "a single Sensor, or nmultiple cavitati ons sensors to neasure the
spati al dirgisforbuatipw for@halysie ofthe aighalgn therfragmencyrspacti menbe usadound 10 sensors

may be pl n.the sensor pad 710, while the diapggter of t | et .may be
oy yuna 3 BIFRL Pt SRR, sRa%nE Hhtwasherts teitar 210 olhRiE: ngo,
cavi t at i Opaph&d S pdBRLshdwhlidGligurd 5bink @ﬁmﬂ pCiafeSshgld balik 1dapt 1 thadsHighear €
subnerged into a negasonic cleaning bath. One of the slots 806 of a wafer
hol der’ gothag dlte bash's operabian fisaANSHGYc [Tounhian bibdyDawayeris, Whigh is pcapand

hol der 80 i [ Vi ' I : ne or
pot h sur S B8R My b el e R 8P ] g B e Spfal o

t r ansi npetdareeatadionspispf 4. (not shown). It nay al so be possible to’

i ntegrate mplifier 810 t he chip and the anplified signal is fed to
an ot or OB EButes 3 roheisee B Eamcht 2narsoage Tening FIoaRoR 1% Auce t he
nunber of cHabliéh £AssIEOBR] RS sinpllwdfgitexi7ng. may be used. Therefore, a unique
of fset voltage may be added to each anplified sensor signal. This offset

vol t ade nBHE3! The aelpivstarcleaning togle 0P wprsagnozgle g in whisd|ultragonic grespure
processor awid N Suf:f il 1A |0, Laend i t

position Pﬁ%ﬁgﬁytﬁﬂit@é g%%%et vo%qtqglbc«rg%gé%%eé})ip ?re@&ﬁttglge%rae? [g‘ 0%%% tg?laur e 9
shows a cstiatragiionherorzbr 7Q@0Mdevater €704 gupingeston anwalsu7ed amvipreads on. A

front view 904. and si de vi 906 are shown. .[010 The .cavit ation
sensor 909 Wakin t@ﬁ Ve ‘:7% é Ssoa%?résnﬁtg I %?505’(38V1§ﬁi§1’350 ShE ‘38fo tgbg 0a
current aggfacéier (not shown). The signal 910 fromthe cavitation sensor

902 can be L . o
15 [0103] The cavitation sensor 708 is placed on a calibration pad 710 next to the wafer 706.

The nozzle 702 parameters (height of the water jet 704, flow rate, diameter of the water
jet 704, and height of the wafer 706 surface) and the operation parameters of the
megasonic transducer can be adjusted to for optimal cleaning.
[0104] The optimization procedure may be done before the wafer 706 is cleaned and
20  possibly repeated during the cleaning process. Therefore, the sensor 708 is placed on a
material with very similar acoustic properties as the wafer 706. The sensor pad 710 may
consist of a single sensor, or multiple cavitations sensors to measure the spatial
distribution of the cleaning. In one embodiment, around 10 sensors may be placed on the
sensor pad 710, while the diameter of the jet may be around 3-5 mm.’
25  [0105] Figure 8 sﬁows a batch wafer tool 800 using a cavitation sensor 802.
[0106] In batch processing, multiple wafers are submerged into a megasonic cleaning
bath. One of the slots 806 of a wafer holder 804 can hold a monitoring cleaning tool 808,
so that the wafer holder 804 provides a multiple of cavitation sensors 802 placed on one
or both surfaces. Each sensor 802 may be connected to an external transimpedance
30  amplifier (not shown). It may also be possible to integrate an amplifier 810 onto the chip

and the amplified signal is fed to an external processor (not shown) which analyzes the

20



di spl ayed using an oscilloscope 912. [0109] The cavitation sensor 902 has a
gl ass substrate 916 upon which is a sensing elenent 914. From both the
front vi eWe 200405652d 906, it can be seen that the cavit aPCEHG2eN®0039902 i s
secured to the holder 908 through a M4 stainless steel hexagonal screw 918
15 running through a hol der cover 920 to be received by a Mo thread 926 for
attachnment to the holder 908. Electrical contact to each of the term nals
on the cavitation sensor 902 is through a pair of M stainless steel

hexagonal g sty eWgo9%3uceBiife RAZbll ¥E ABR B&fHRtHS, WillfslcBdg mby Y agadt he
screws 928 to pass through the holder 908 to connect to a BNC cabl e 924.

The BNC cHisirefo824 unique dfiselcralidee may bi aged peeash amplifisd sensor signdr B89, The

20 hi gh spee rr i £ 0418 J.n ity t i

osci | [ oscaet uiifee FESTER Bt RaC eyl L FRBLEELARAT fobftfor with

bubbl es byuffidient sSanplinggresdletiomnian $Heh identifhtheposisomthpaedh tBi3 dffiset voltegesi gnal
910. [0110] Figure 10 shows a schematic of an experinment setup to test a
cavitation sensor 1002. 25[0111] In Figure 10, the cavitation sensor 1002
i's mount egyQniRentafBRs hol der 1004. To correlate the sensor 1002 signal to
bubbl e dynam cs, a bubbl e i nduced by a pul sed | aser beam 1006 is created in
t he vi ci ni0d§7]dfigurnd sbews & gavigHor eapser902(beng configred eweasurs oghitatipmedt vi deo
of the | ager,.-ind b | i nd col |l apsing on top of the sensor
1002 is gfg% *J%%%‘E?‘r‘%ga”%‘.pegﬁe‘??g@ o aner as 1008 and 2010, Li ght

sour ces 1[@1ds]aTit cA0itAiba samiser @2 nheuntdd| in Aitraatreab dikoldere)8vaingd cenrehted bbbl es

were i nduced. [O01 The sensor 1002 sj | is sent to a curpent anplifier
1015 hd ¥ Sutmampl Lok ehegp o vreaeb b Bvmithe SRR sErpb by GinbE) gna
and the h&%]a}seg%@g, vhdequekepseopared to eval uate the moment at which a
signal 1018 i's pr oguced fromthe cavitation sensor 1002. 5[0113] Figure 11

shows a sHA8UrThe epvithtian sensor 307 hay erglesiesubsivate 416 awos ek 15 g0TN{iBRe
P gur e 104emd9132180h sl rdnt 3es D% 3865 BROBL LR RETHe tARAal ar ound
ndi ng to e bubbl e e

t =193. 57pS, correspo e nonent t I npacted onto t sensor
1002 negadenste 96D écteradé tathe hokdonHlietirdughtald4 prasiléss seekiexegomaliscre WHES

et o0 ROk ST AL ct s Sl RISt 4 D RASRbSs e A9 43 v
the holder 908. Electrical contact to each of the terminals on the cavitation sensor 902 is
through a pair of M3 stainless steel hexagonal screws 928. BNC positive and negative
wires 922 run from the screws 928 to pass through the holder 908 to connect to a BNC
cable 924. The BNC cable 924 is connected to a high speed current amplifier 930. The

20  high speed current amplifier 930 is in turn connected to the oscilloscope 912. From the
oscilloscope 912, detection of cavitation bubbles by the sensing element 914 is shown as
a peak 932 in the signal 910.

[0110] Figure 10 shows a schematic of an experiment setup to test a cavitation sensor '
1002.

25  [0111] In Figure 10, the cavitation sensor 1002 is mounted on a sensor holder 1004. To
correlate the sensor 1002 signal to bubble dynamics, a bubble induced by a pulsed laser
beam 1006 is created in the vicinity of the cavitation sensor 1002. Simultaneous high
speed video of the laser-induced bubble expanding and collapsing on top of the sensor
1002 is captured using high'speed video cameras 1008 and 1010. Light sources 1014 and

30 1016 are used to illuminate the area where the bubbles were induced.
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10surface, the neasured potential signal value is around OV. [0114] Figure
12 shows still imges fromthe high speed video capture taken by the canera
1010 (seewPigwes022) and the canera 1008 (see Figure 11PCT/BG209I000397 i mages
shown depict before the |laser-induced bubble is created (see col um 1202)
to after the | aser-induced bubble inpacted (see colum 1210) the sensing

el ement 1206. The top row 15 in Figure 12 shows i nages taken fromthe
canmera 1010, i.e. a side view, while the bottomrow shows i mages taken from

the caner @1380Phe serRor 20020RgNd18¥.sediN® &L MR 1002 HeNetdded ifa
position of the boundary where the sensor is |ocated. The inmages in each of

t he col unheCrogosscilloscope 010145 eBothothg reeerded isigpali prde theahigh| weed|videreare mages,
inthe first colum 12 ‘ i 0 creat ed.
The bott ocrﬁr?pr?é%detos%%&lrgt%&ee&gﬁe%{Jr?g’vc]{e} s! ] g%%rrlrigtEi E)gé gsfgrp %"g@gg@}jfgei%gﬁ%ggﬁsor.

[0116] Thens@cloog. col um 1204 shows after a bubble is created. The bubble

reached its maxi mumvgQlunme in the third cBél%nn 206, . after whi ﬁﬁ Ehe bubbl e
start el t 91d3nkigure: 11 shows 3 15810k Stepakimreg 4104 tipoyf virgstogmenses 102 (6 ur t h

col um 1268, at10) =58 BshsaGerfdl frhdddl 102 haé & nEaROO pE4N 104 healduhdt-a 9bsypdar y

moved froma negative to a positive 25 el ectrode, at t=196ps, as seen in
col ums 1¢@8sponding? 19 the gpaspent vibe youbllee impagted orte thaptanpard 1842 acgativge rat e

of 250, 00Q _franes .per..s . r i ianc e
osci | | osc%ﬁcetm fﬂd(e 3 aendgfggﬂglg%lbg)@gae%p?%% ?g% g{E? %uqé%é?tg?&{l ﬁgrtlﬂa't ﬁgﬁ%‘arrer as
1010 and pdd8cedrbyrtke butibds istabmntdoOmh V. aBefudeian aftbrethp balbbld ifighactedamtdihgur e 11)

i s produced_occurs between t.=192 nd, t =19 after the bubble is created.
The aHban?"éﬁ‘ée’d\‘e W&%S@Feﬁep\?ﬁﬁnﬁﬂlﬁ%'gfﬁﬁb?ﬂsé‘?‘i“g%t%hat_ virtual l'y identical
bubbl es cgmbjem@mdw%wsa&thp%@s IR ahe HighS§RES vitkto Aaptulp® tak@A I thei gnal

trace 1102 (see Figure 11). In a second test perforned with a bubble of
the sanme eAmesa dALO Ssspfrianred 1) wad dbgrearerat 1098 dsder Bigpienbl)s e ptill imagesk wi t h

a potenti gl . vakue.qf - 3 i i = 117
it et heopouetfes B e SEdHcEd Bkt f by ol PRI Sfler m0117)

r ef er encelasa-iafheed bukble mypdiedéstesplunin EHO)thd sbesingwlensit d366.b¥hd topsew ski | | ed
in the art fhat .yarious 5 changes in form detai.l may be d her ei n
it hott R 1S Sk St eares CRRT rom et S0 5 Hibide Bk VBIF B8 Salf T ned by
t he appengsdskdwdl iffagesl tiRerd GOREthE fcainBR 1008ENE.1 DMdpiview N Theidotied athad 1y t he

appended cl ai s and all changes which come wi thin the neaning. and range of
equi val endgnotss theposition ofgheybenndary, whese the sepsos delocatgd.p dhe iprase dyeach of

the columns 1202 to 1210 refer to a same time interval.
[0115] The images, in the first column 1202, show the moment before the bubble is
20 created. The bottom image shows the electrodes geometry of the cavitation sensor.
[0116] The second column 1204 shows after a bubble is created. The bubble reached its
maximum volume in the third column 1206, after which the bubble started to contract.
The bubble reached its minimum volume in the fduxfth column 1208 at t=192u$ _ﬁnd
during its re-expansion, the bubble boundary moved from a negative to a ﬁositive
25  electrode, at t=196us, as seen in columns 1208 and 1210 respectively.' The video was
captured at a frame rate of 250,000 frames per second and an exposure time bf 1 ps.
Since the oscilloscope 1014 (see Figure 10) sampling rate is faster than the cameras 1010
and 1018 frame rate, the moment at which the peak 1104 (see Figure 11) is produced
occurs between t=192us and t=196us after the bubble is created. The advantage of laser-
30 induced bubbles is that virtually identical bubbles can be produced; allowing repeated

assessing of the sensor signal trace 1102 (see Figure 11). In a second test performed with
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CLAIMS 1. A cavitation sensor for detecting bubbles in a liquid, the
cavitation sensor conprising: 5a substrate having an insulative surface;
and wanoglese2zeode arrangenent provided on or w t hi RCTISE2010890034T i ve
surface of the substrate; wherein the el ectrode arrangenent conprises a
first electrode and a second el ectrode being isolated from each ot her by
the insulative surface, each of the first and the second el ectrode
conprising a sensing portion, wherein the spacing between the sensing 10
portion of btk bf the karkié Gict hPl@paattdithesan® GktagkeRuh ity sefdor] Heakasians
electrode is adapted to allow charge fl ow between the first el ectrode and
t he secoreptentiabvalugiel QY eascwying 44193 s wrsdstectedg at t he sensing portion.
2. The capghtaty : i : ' ' rii f the
First el ool BghAlls BRARCEnRh 15 BLAH dor AN SR SREHR yREY kel 1S
confi gur egpetificreathmdmmsitstit shvaid/be ehddrstval by thdse skilledtinahe arttthatdetrioos a

change in_ the velocit f Liquid flqow . ng .parallel to.the substrate surface
wher o3 heEtaPgsyR J0ED 4P AR br sl GTeB v Biral deparng RdPE SPFB AL ens or

of cl ai Mescdp®bf the iNVRBHG i défﬁe&bﬁq{era?galdaa CRIGE e stdpeddfiRY RMyedtiondyi ng a

t hi ckness o? around 300tun. WD 2012/ 050522PCT/ S&G2010/ 000397 4. The

cavi t at i othus indicgieddsy theyppended laimpant dlb ekanges whishgeme,ighinithe mganisgnsi ng

portion Ofnd! el dlcgivalbR) SARFIRRT HBeRRRS 1hdeRTS bOtnBtheddne second
el ectrode eachH conprise & strip.
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55. The cavitation sensor of claim4, wherein the strip of the first

el ectrode has an end which is disc shaped, while the strip of the second

el ect rodevhasizaoead that partially surrounds the di sc PERSEA0WHAOT t he
first electrode to forma crook shape. 6. The cavitation sensor of
claim5, wherein the disc shaped end has a radius of 10 around 0.2mm and
the crook shape has an inner radius of around 0.25nm 7. The cavitation
sensor of any one of the clains 4 to 6, wherein the strip of the first

el ectrodecusiM$e strip of the second el ectrode each have a width of around
0.1nm 158. The cavitation sensor of any one of the clainms 4 to 7, further
conprising a tapered portion forned by the spacing between the strip of the
first electrode and the strip of the second el ectrode tapering towards the
cor respondi ng &nda ¥aribfl Sehdof or Aefekifid BapaABd il NP 11REROMHe ChbiEhioR Uensct09- The
cavitation sensor of claim®8, wherein wthin the tapered portion, the

spaci ng bggmegg the strip of the first electrode and the strip of the
second eIe&PPod%granges fromabout lumto about 300um WO
2012/050522PCT/%§§010/000397. .. The_cavi tation sensor of any one of the
clains®4 fo 7, 2Shshaehaying ag insplgtive syrface:@nd st ol ectrode is parallel to the
strip of the second electrode. 11. The cavitation sensor of claim 10,
wherein the st R glesirode,arrpgement proyided g gn ¢vithie the msulative surface of the

substrgte; wherein the electrode arrangement comprises a first electrode and a second
electrode being isolated from each other by the insulative surface, each of the first and the
second electrode comprising a sgnsing portion, wherein the spacing between the sensing
10  portion of the first electrode and the sensing portion of the second electrode is adapted to
allow charge flow between the first electrode and the second electrode caused by

cavitation occurring at the sensing portion.

2. The cavitation sensor of claim 1, wherein the sensing portion of the first electrode
15 and the sensing portion of the second electrode are configured to remain stationary
relative to the substrate, to detect a change in the velocity of liquid flowing parallel to the

substrate surface where the electrode arrangement is provided on.

3. The cavitation sensor of claims 1 or 2, wherein the electrode arrangement is a

20 layer having a thickness of around 300nm.
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5strip of the second electrode is spaced around 0.05mm apart. 12. The
cavitation sensor of clains 10 or 11, wherein the ratio of the space

bet ween tWO 28txGsps2ef the first electrode and the strip ®CTSGR0WHOGAT

el ectrode; and the width of the strip of the first electrode and the strip
of the second electrode is any one of the values of 101, 1.5, 1.75 and 2.
13. The cavitation sensor of any one of the preceding clains, wherein the
el ectrode arrangenent conprises one or nore arrays, each array conprising

one or nmof.e parkeScaVitafidn SdnséH ECinyOsiRSofMhd preseaing Ghifs! WadRem thtensidg The
cavitation sensor of claim 13, wherein each array conprises a first

conmon t efdRiRdlortiRe ISCH QAR Al _m@esehgiﬁgtpo@di&%f e Sedhd tNEc1RAE Akh MOT e
pairs are coupl ed; and a second comon term nal to which each of

t he secon |.ectipdes of the one or 20 nore pairs are coupled. 15. The
cavitation sensor of claim 14, wherein the pairs of electrodes are arranged
such that first electrodes and second el ectrodes alternate with each other.
WO 2012/ 050522PCT/ SG2010/ 000397 16. The cavitation sensor of claim 15,

wherein the first common terninal and the second. co n, term.nal ar
arr anged %, ar al The caytation SEnssf géq,lgm 4, wherein the str(l)p of t%e %];rs? electrode has an en

which is disc shaped, while the strip of the second electrode has an end that partially

surrounds the disc shaped end of the first electrode to form a crook shape.

6. The cavitation sensor of claim 5, wherein the disc shaped end has a radius of

10  around 0.2mm and the crook shape has an inner radius of around 0.25mm.

7. The cavitation sensor of any one of the claims 4 to 6, wherein the strip of the first

electrode and the strip of the second electrode each have a width of around 0.1mm.

15 8. The cavitation sensor of any one of the claims 4 to 7, further comprising a tapered
portion formed by the spacing between the strip of the first electrode and the strip of the
second electrode tapering towards the corresponding'end of the first electrode and the

second electrode.
20 9. The cavitation sensor of claim 8, wherein within the tapered portion, the spacing

between the strip of the first electrode and the strip of the second electrode rénges from

about 1um to about 300um.
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S5wherein the first and second el ectrodes are arranged parallel to each
other, and wherein the first and second el ectrodes are arranged

per pendi cMiDap1205032pe first conmon term nal and the secoRATSGANMOMNONET M nal .
17. The cavitation sensor of any one of the clains 14 to 16, wherein the
first common 10 termnals of a first array of the one or nore arrays and a
second array of the one or nore arrays are coupl ed together, or wherein the
second common termnals of the first array and the second array are coupl ed

together. o 1Phe HHRafFRAVHchR: 0P BnP SRSATthOllaidlys RNE wierdi el SBihd Ark0 17,
wherein the distance 15 between "adj acent el ectrodes for one of the one or

nor e arra¥§?h§e%h%ﬁ%%fahhgEQ&F&@%?Q&%gam% ofgt ween adj acent el ectrodes for

anot her o nore a e Cavitation sensor of any one of
the clains 13 to 17, wherein the distance between adjacent el ectrodes in
all of the one or nore arrays is the sanme. 20 20. The cavitation sensor of
any one of the clains 13 to

[ 19, wherein the maximnmu distagge $e%%F§n
adj acent Bl-ect Flsoeayitptinn sepger oh &layp 19p herginy the stripsofde first eleswodaad the 1 of
the dianeter of the bubble to be detected. WO 2012/050522PCT/ SG2010/ 000397
21. The csup rhthegecondgleeirodstis spagedaround 0.0pmmmpetedi ng cl ai ms, wherein the
spaci ng
12.  The cavitation sensor of claims 10 or 11, wherein the ratio .of the space between
the Strip of the first electrode and the strip of the second electrode; and the width of the

strip of the first electrode and the strip of the second electrode is any one of the values of

10 1,1.5,1.75and 2.

13.  The cavitation sensor of any one of the preceding claims, wherein the electrode
arrangement comprises one or more arrays, each array comprising one or more pairs of
first electrodes and second electrodes.
15

14.  The cavitation sensor of claim 13, wherein each array comprises

a first common terminal to which each of the first electrodes of the one or more
pairs are coupled; and

a second common terminal to which each of thé second electrodes of the one or

20  more pairs are coupled.

15.  The cavitation sensor of claim 14, wherein the pairs of electrodes are arranged

such that first electrodes and second electrodes alternate with each other.
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bet ween the sensing portion of the first electrode and the sensing portion
of the second electrode is smaller than a dianeter of a bubble to be

det ect ed. WO 2022505PRe cavitati on sensor of any one of th@CHISEeediongpIt! ai ns,
wherei n the maxi num spaci ng between the sensing portion of the first

el ectrode and the sensing portion of the second el ectrode is about |ess
than half of the dianmeter of the bubble to be detected. 10 23. The
cavitation sensor of any one of the preceding clainms, wherein the sensing
portion of the first electrode and the sensing portion of the second

el ectrode are provided on a common plane. 24. The cavitation sensor of any

one of thg preﬁ%ﬂb@ﬂm&%%b%QroMﬁﬁﬁPFﬁ the substrate 15conprises glass. 25.

The cavitation sensor any one of "‘the preceding clains, wherein the

el ectrode arr anlge emnhe r% 0rI Sgg\t;\%g%afz rh?tgx tsécr(])g r%uenonqe maq 26ar-rrar}l ed

cavitation sen% 2réi A e con ng nmaterial CcoORprises
any one or ggﬁe of %gwd platlnun1 indiumtin OXIde and titanium WO
2012/ 0505%% B¥FH00397 27. The cavitation sensor of any one of the

preceding clains, wherein the sensing portion of the electrode arrangenent
is provided onvheseinithesfstand secand efesiadesarg aEangehraralisl &0 eaghiother.and| east a
portion of the remainder of the electrode arrangement is provided wthin

t he insul-ati vevkaeihabe fist andesesengseleettades Bre arranged perpendicular to the first

common terminal and the second common terminal.

17.  The cavitation sensor of any one of the claims 14 to 16, wherein the first common
10  terminals of a first array of the one or more arrays and a second array of the one or more
arrays are coupled together, or wherein the second common terminals of the first array

and the second array are coﬁpled together.

18. The cavitation sensor of any one of the claims 13 to 17, wherein the distance
15 between adjacent electrodes for one of the one or more arrays is different from the

distance between adjacent electrodes for another of the one or more arrays.

19.  The cavitation sensor of any one of the claims 13 to 17, wherein the distance
between adjacent electrodeé in all of the one or more arrays is the same.

20
20. The cavitation sensor of any one of the claims 13 to 19, wherein the maximum
distance between adjacent ¢lectrodes for the one or more arrays is about less than half of

the diameter of the bubble to be detected.
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28. The cavitation sensor of any one of the clains 1 to 26, further

conpri si ng a further insulative |ayer, wherein the sensing portion of
t he el ectwoaderzaspragenent i s provided on the insul ativePSuSGa¢®/ 000397 he
substrate, while the further insulative |layer is provided on at |east a
portion of the remai nder of the el ectrode 10arrangenent.

21.  The cavitation sensor of any one of the preceding claims, wherein the spacing
between the sensing portion of the first electrode and the sensing portion of the second

electrode is smaller than a diameter of a bubble to be. detected.

5
22. The cavitation sensor of any one of the preceding claims, wherein the maximum
spacing between the sensing portion of the first electrode and the sensing portion of the
second electrode is about less than half of the diameter of the bubble to be detected.
10 23.  The cavitation sensor of any one of the preceding claims, wherein the sensing

portion of the first electrode and the sensing portion of the second electrode are provided

on a common plane.

24.  The cavitation sensor of any one of the preceding claims, wherein the substrate

15  comprises glass.

25.  The cavitation sensor of any one of the preceding claims, wherein the electrode

arrangement comprises any conducting material.

20 26.  The cavitation sensor of claim 25, wherein the conducting material comprises any

one or more of gold, platinum, indium tin oxide and titanium.
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WO 2012/050522 PCT/SG2010/000397

217. The cavitation sensor of any one of the preceding claims, wherein the sensing
portion of the electrode arrangement is provided on the insulative surface of the substrate,

while at least a portion of the remainder of the electrode arrangement is provided within

" the insulative surface of the substrate.

28.  The cavitation sensor of any one of the claims 1 to 26, further comprising

a further insulative layer, wherein the sensing portion of the electrode
arrangement is provided on the insulative surface of the substrate, while the further
insulative layer is provided on at least a portion of the remainder of the electrode

arrangement.
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