1nven‘t| on rel atesfova - method and apparat us f oricheeRIRTATS
and nore particul arly a method and apparatus of rem)v ’
sub-m cron size particulates on solid surfaces w th the use 3)f1 |M|mgl;t

| aser irradiation. 10 BACKGROUND OF THE | NVENTI ON Laser cleaning 1s a

rel atively new technique for cleaning surfaces and nay be divided into two
categories, dry laser cleaning and st eam | aser cl eaning. The follow ng
prior art di scl oses ing nethods are
applied to renove paé?&cl@gﬁbt e so |L§ sur?a%ggllﬁigbgg{xg%?s Nos.

4,980, 536, 5, 151, 135, 5,643,367, Re35,98land 6,291,796 Bl1. And US

publ i shed application nunber 2001/ 0011545 Al . In US 4,980, 536, snall
particles_are rempved fromthe solid surface like that of a silicon (Si)
mask fby BEHHMCALAELR:  hi gh- powered | aser pulse. US 5, 151, 135, teaches the
use of short 20 |lower energy pulses of ultraviolet (UV) |aser radiation on

solid surfac mhll 643, roovi de cl eaning solid
surfaces,  ouchaBertonfHateld A i A aPhagts o Bephiad Srnfl s epey w33

conbi nespar’rwlailutalrwhw angcaphanatys bhtervimg dhicrbd pasbtmidronsizk pattihdatee owealidst age
uses a L%%Es%ffh{ ‘e‘tof{ng?ecﬂérsgﬂﬁgdnét?ow on. This second stage suppl enents
the first stage in eaning process by renoving left over residue. US
Pat el Re 35,981 al so di scl oses a system for cleaning 25 nmoul ds, by direct

| aser irpBAIKEROUNDOOF trhe IRVERReN W thin the noul d. US 0011545 Al relates to
the wuse of laser irradiation on surfaces of sem conductor wafers or the

i ke, where the surface is wetted with a liquid before irradiating the
surface with lLaasedeaninglis Stdétlb@?m&teﬁhﬁﬁteﬁor&ﬂ@h@y stifaces amtbovgy bd@viiddibtod and

the partj.@l c?a?eggr[}:st Iassglr élgag]g‘uglaw§ s% s ?lg?mn &IIO\?Vﬁ’@}lél?rna&a ﬁ%ﬁosﬁﬁ%ﬁs

using dry |as cle nrel ate
t echhi quésiaitsoef hoemﬁ\seae I@rer slemhing engibgdsi arbwphe(qotp renBf ¢ paBERS) on theApqiill.

Phys. 71{#facest 0% f¥nté\NGs. 415D, 53\*9/ ?15#%@ 64¥V36f6\i14§% g8AEhdY 241 £IH L Angt NE

action of dré | aser cl ean:hh’q%ﬁ steam I'aSer cl'eaning i's disélosed. "Laser

removal YF PpBlished prRdicatiop sMREGHNI 0T IRARA S| i der s (pp499-504) J. Appl .

Phys., 80(1),In l%ﬁhgﬁwwﬁ EnaILpIartlstQre fiﬁrﬁft@gd Woir.the Hﬂlﬂgurfﬁ:ef‘hke #R0of dlsifeonChong

and T.S. a S\ cation Q n 35 etic

nead o | GRSk BEARE B Righ SYe BieB%s i, U 3o o6 Wache BF uie offon

hydr #bhi Ipwer eriergycruises Jof ultrawolet (UV) laser radiation on solid surfaces while US 5,643,367,
provides two stages of cleaning solid surfaces, such as a mould for making glass articles. The

first stage combines the action of washing baths and ultrasound while the second stage uses a
laser to impact the surface regioﬁ. This second stage supplements the first stage in the cleaning
process by removing left over residue. US Patent Re 35,981 also discloses a system for cleaning

25  moulds, by direct laser irradiation on the surface within the mould. US 0011545 A1 relates to the
use of laser irradiation on surfaces of semiconductor wafers or the like, where the surface is
wetted with a liquid before irradiating the surface with laser with sufficient photon energy to
remove the liquid and the particles on the surface. US 6,291,796 B1, discloses an apparatus
using dry laser cleaning.

30 In related literature, “Laser-cleaning techniques for removal of surface particles” (pp.
3515-3523) J. Appl. Phys. 71(7), 1992 by A.C. Tam, W.P. Leung, W. Zapka and W. Ziemlich, the
action of dry laser cleaning and steam laser cleaning is disclosed. “Laser removal of particles
from magnetic head sliders” (pp499-504) J. Appl. Phys., 80(1), 1996 by Y.F. Lu, W.D. Song, M.H.
Hong, B.S. Teo, T.C. Chong and T.S. Low teaches the application of dry laser cleaning on

35 magnetic head sliders. “The modeling of excimer laser particle removal from hydrophilic silicon

_ . R
T O

*159159*



adbilfaces” (pp3618 3627) J. Appl. Phys., 87(8), 2000 by X. Wi, E. Sacher and
“thraMeunter - provicges.theoretical nodel- s rrlameErchennt ng. Ak tehe e
‘above-referenced prior art rely on pul sed | aser héating of solid surfaces
with or wthout the presence of a thin liquid coating. In dry |aser

cl eani ng, contam nants can be renoved 5 fromsolid surfaces by

| aser-induced fast thermal expansion of contam nants and/or solid surfaces
or .| asersulobed’i(pwBed8-362Nt Arfipphrkthgs., BH(85 208ty as eNucE edatheg and dhtMerinreant s
are renp ?\q e@%e#rgﬁc%r ,—niopgygh %gggﬁéve vapori zation of the liquid coating
on the so gl surfaces steamand dry | aser cleaning, contam nants
are renoved fAOhe gbevedr eéemrfcaéegortgrt re|ya>§e>rul5ieﬂﬂ%ﬁer hedtina otisqlid suifgces ity arhe

sur f acesyiMolthe bre%ﬁdawra thifh fticCeokin gﬂ@cﬁﬂa%@i&ﬁm FohGminttcad 8k kdnovtd
surfaces tend to absorb |laser irra tion, the absorption induces hi gh

t errpesr at Tre solid, syrpees dy; asegu}qua%cggaséghqrwgf pxpagpion of éEBF‘éf"é?”Fh@“%‘HI $

sur ]1: acessurfabes @adel aatRms eoth@imalis!ih stdahﬁlai@@félhlﬁgl&:onla&nmme rdnfboviee
surfaces, suc n stress generation
T the bRt Rl R Bl e ARk o kIR eBeL oh TenT and
cheni cal propeibiheteanBarmhdry t—isarr@wlr@f ¢antamindmds perrémpvmirfw sdlidtshdacee by d
substrat Igser% R0 B? ngoﬁt tt‘%es%;‘fb% |tﬁ‘ or Qﬂ L;It?f anty’sgl déj Sl'dcg nﬁcjsg')fsolildt

publ i cation aser of partl gne iC )
f ountf t hatfaceniepgdtq @Sarbda?ﬁ&g'@dtah?fbé'mﬁ*&%éy%ﬁﬂum't!ﬂh t?ﬁ‘ée@mﬁ%% ipdheesaligul d

exper i en&ﬁfaﬂé§£th§ iaa,ehﬁaagﬁeeiheason@sumés anefmamérngsmt&mm 8 temlg@s. Such
substrates woul d have | ost nore than 20%.of their f ormance as _ caonpared

to a per'fdPREATE PhHaWacRESUSh 8 %?a"aarfﬁﬂﬂ’éﬂ a‘?‘ﬁ%%F@PE a"‘i‘ $1r9Ss 9RNYANiQ In
desi r abl tae tap Iy ef asdtigtshbsirdte rand ater crmhgemofrmymdl bnmthelrmedl progesioes.isiich

surfaces_direct ich alters, .20 t rfac erti.es f t.

St 1 arenbe ok e R R A BH I8 s ek i 3 on "4 Rerrass g o
cl eatti ngheolold]inghe patdiestion Wi wurgtmdvilef pgtcla ffrommagtic bqop alidesT) & \Afaerfomhehatet hod,
whi ch f

o1 eaned @7 bR REAREberB Mt i ABSIHE Wl SHAEERid Cedfis aera,
an apparramb@r pEheating/ardkebolifgeycles.€lush ngbsirate§mdtlatl@ve Td$emamdaara2Qfé ofthsira

| aser beaioffdHce @s caMpABY t&@bemw@v&r@h tﬁm hélgiaﬁ]a%é’cﬁ ThereRPMif highRy t he
| aser beam source and a liquld wh t he-surface be cl eaned i s 30

in i ch
i mer sedesiaRle ave a|meé'§P§tf%fH?%e§ C'S?'?'%‘@j@?ﬂ’“? PF%"H%S%{'B 55?%616&9"%‘%}& Whichakters he
| asero bethgsirfacefpespentrd ofitheaupstidtés. i n the 1iquid, which is in close
proximty to the surface to be cleaned but not directly at the surface.
The apparatus al so has a stage for securing the surface such that the

sur f ace SYMMBRY|OMEHE &VEMTIONt he | i quid and rermoved fromthe |iquid when |t

is mounted on the stage. The stage can aI so enable the surface to be

i mrer sed fuII_Iy or partially in the Ilq
he present invention is a method of c eanlng solid surfaces through the use of an

25  apparatus for the method, which focus a laser beam at a point close to the surfaces to be
cleaned in a liquid medium.

In the first aspect of the present invention, an apparatus is provided, for cleaning a

|

surface. The apparatus has a laser beam source, an optical system for focusing a laser

beam from the laser beam source and a liquid in which the-surface to be cleaned is

30 immersed. The sptical system is arranged in the apparatus such that the laserbeam is

focused at a point in the liquid, which is in close proximity to the surface to be cleaned but not
directly at the surface. The apparatus also has a stage for securing the surface such that the
surface can be immersed into the liquid and removed from the liquid when it is mounted on
the stage. The stage can also enable the surface to be immersed fully or partially in the liquid.

35 The stage can also move the surface horizontally in the liquid and the rate of movement of

¢S]



o —

&> The stage can al so nove the surface horizontally in the quuid and the
rEteEr et noveReRtreRm R s oRe S U - s R R TR e L YRR e 2y -
LT W ~XG D T the stage i's detefm ned by t he type of
cont am nant and/ or the armunt of contanminant to be removed. The apparatus
as provided in this invention can be used to clean a surface of a silicon

(Si) substrate, a disk or a magnetic head slider. 5 In a further

embodi et stadeds detpraninad iy th«htype@é@onéamlnwtt@ﬂd@y%\e@movefroffcpm@errtangto;bart| cles

in |iquighspg pouring new clean mxture liquid into container. In yet a

further "preferred enbodi nent, the |aser beamcreates bubbles when |t is

focused at a P FRPA[AUS FPPYIERA 1B thisindeHigBisPREe HRed 19/ctpag @ruiFigeaora silicon

| aser - i nBiceBstrateld dls @ta :aaghetusheadslmewe at the i nterface bet vveen bubbl e

o0 oL S h ot SRR ey FRB P R A bl
nanosecoliplid arel ph0Ongmew olsar ondige Hquid mo ¢tht:a1md cl ose to the surface to be
cl eaned. The ﬂn%@% fu?tﬁW;ff@feﬁ’Q@emB@diﬁeXtAﬁell ?Bea @re%t&g'bﬂﬁﬂleéﬁﬁﬁ{ it |s

| aser. Prefera aser source provi aser beamw t a aser
fluence foRusadeat ﬁm@émdhe liquid; The jhpbhles @G@D/gewatelaa'awerfwca%twwd ietand aser

Eeam Eassiﬂ)cf( WAJI BNRY iHteHHIE bEfWREh bubtle bRl ddlidkstigace to B @fe@hatbit)the nBMehBster
eam nas a

ul se nupber from1 to 10000 for cleanin osi tign.
Pr of & abfgabste lisEEleEe it firsase BB Pan gPHIsP SHE A P BATIOE! RAROFE-oR8 & m
I n anot h®r1oeniiiadismntjs ond i ecus ey eode tonhe surfaas tdibeosteanelds Tpe Gasededrdeacabl ow
stray |i cal systemand to dry the cleaned
surface. 9‘%?%\62'9? CrEry XCHQWSQ§ hg%a?a%g}r atus has a container to hold the
liquid. In a Bte&r@hi)r.@tﬁ lem@dvrnentoyidphe Iasieqjb¢ain withibllassr tuenace indthe cAnge lob
cl eani nggkychetifdol@nzhe adhesion of the particles to the substrate
surface. 25 Preferably, the liquid in the container ure water.
Pref & ably, tRefaratiithe '?geraeﬂm%@aﬁéresvemt%r}geém‘ Vﬁ??%lﬁg”ﬂzy-pes of sol vent.
The types of peierstN, tHABsdBeah®abalpulse GaMBBErora N ATRE000For diddniigS saRf ones,
al kanes, Balogenated hydr ocar bons or commerci al washi ng sol uti on which
hel ps t oP?E®lce adhesion forces of particles on the surface to be cl eaned
and enhance cPretenatmgtheidsecbeantyas 8@avelergtis@oging fraimpidZ tnnoto M0l6eprmnvent i on, a

met hod for . cl I%%rr]timrhgr érngga%ﬁgnﬁ oi’ t?teﬁ)r(v%mioqt?g’gag gf%wer is provided to blow stray liquid

20  spray towards the optical system and to dry the cleaned surface.

It is preferred that the apparatus has a container to hold the liquid.

In a preferred embodiment, the liquid enables the easy of the cleaning in reducing the
adhesion of the particles to the substrate surface.

25 Preferably, the liquid in the container is pure water.

Preferably, the liquid is a mixture of water and various types of solvent.

The types of solvent can be alcohol, acetone, aromatics, ethers, ketones, alkanes,
halogenated hydrocarbons or commercial washing solution which helps to reduce adhesion
forces of particles on the surface to be cleaned and enhance cleaning efficiency.

30 S

In a second aspect of the invention, a method for cleaning surfaces is provided, the
method includes securing a surface to be cleaned in a liquid; focusing a laser beam at a point
in the liquid to generate a laser-induced liquid jet and a shock wave; and positioning the point of
focus of the laser beam in close proximity to the surface to be cleaned such that the laser-

35  induced liquid jet and shock waves clean the surface.



met hod i ncludes securing a surface to be cleaned in a liquid; focusing a

=l aser...beam at ..a point. . in the IlquLd..L&4=-g~anarfaLe -a | asef:-hRdyeadhi-gu.d | et
and a shock wave; and positioning the point-of focus of the"T-aser-beam in

close proximty to the surface to be cl eaned such that the |aser- 35

i nduced liquid jet and shock waves clean the surface. 3 In a preferred

enbodi nent, bubbles are generated in the liquid about the point of focus

of the | aser lln%’om‘efefréd yeibodimehthsubbsedre yéretatedinané fiand abdub thetpolbbes

col | apse,to Serfpot he liquid jet and shock wave for cleaning the

surf ace. 05? hE En6dl ment of this method, the |aser beam has a pul se

duration in tlheyermwgear pfafermdjemmdmcommbmtrble@@om;xsa@@wms.thePiqeiﬁeetabl y the

| aser be e from0.1 nmto about 10cmfrom the

surface tgrﬁ)ai %ﬁ@?‘cl\%ée @F%Bffwt he | aser beam can be a YAG | aser, an

exci ner | aserIn oge epbedimestef, th'imeﬂﬂ‘?éf bedasey beamm bag a pulpe Bwaterasherangser

fluence fdmtihRnbsHERd Qﬁo@n{b}égfeﬁgnéso 100J/cnR. Preferably, the | aser beam
has a frequenuy ran roml erably, the Iaser beam

kHz ... Pre
has a pul se ni ﬁf?é?b'?‘lh&'ﬁsf’ 'P??"itﬁé%’sf"gi”"@f‘é‘a{ﬂ”%g"%“ 2dmen toRhopt 195/ from
Pr ef er abihg shha;eltas::erclebﬁ@dn has a wavel ength rangi ng from157 nmto 10.6 m
15 Preferably t incl ude sLray t owar ds the
opti cal syste?ﬁe era dyrrg} yi"‘snerb fe e égﬁ'e@%s@rg ra?:rée ?rgasleé oar(@%?é?/ed by using a
gas bl ower. Frrefezabibithe, Ia$ehr®eamthh@d ldsgr fikrmce imibk vatee of P5vieny’ rcgmﬂﬂ/cmirtl cles
in the liqui od %rgrhgg [[INTe S kb $aguring of the
surface to bgprg%e%drllgcﬁﬂ Pea 2 'real s&gn;g% qﬁ’g{s? B%l&ﬁb ﬁ%ﬁe use of a stage
ont o whi ch t h&eE@EHathe 'F%ef§§%’i]rhé§ia WHP@“@H&'HF%%1 te Fl%o‘)@d?’fcé??é"'lg@ ¥R within
the |iqupskitds. well as into and out of the liquid. The surface can also be
imersed fulTy or partiall n the liquid by the stage. 25 I n another
preferred e d&qutheﬂaﬁérgﬁ'h%%?wam@ rangipg framper nmde 1881MM-ng t he

liquig. Prefepiiaply B rhétﬂblc! mcuuaespuwngvatrw|.qular@f@rtabéms tHeldptitdI Gtemi S a
m xture of ter and v es spl vent es of sol vent

i ncl udes? ’}ﬂ%@ﬂ%fhe °¥é§?€ﬁ acﬁr Bidt 'e"eégl?yh‘ésr"? a e%‘ﬁé al kanes, 30

hal ogenat ed hydr ocar bons and commer ci al washi ng solutlons whi ch helps to
reduce

Preferably, the method further includes filtering of particles in the liquid.

20 In another preferred embodiment, the securing of the surface to be cleaned in the
liquid is made possible by the use of a stage onto which the surface is secured. This enables
the surface to move within the liquid as well as into and out of the liquid. The surface can also

be immersed fully or partially in the liquid by the stage.

25 In another preferred embodiment, the method includes a container for holding the
liquid. '
Preferably the liquid is pure water.
Preferably, the liquid is a mixture of water and various types of solvent.
The types of solvent includes alcohol, acetone, aromatics, esthers, ketones, alkanes,
30  halogenated hydrocar-cns and commercial washing solutions which helps to reduce ——

adhesion forces of particles on the surface to be cleaned and enhance cleaning efficiency.

It will be appreciated that the method of the present invention is different from dry and
steam laser cleaning disclosed in the prior art as discussed in the above paragraphs. As a

35  high power laser beam is focused into liquid, it creates a lot of bubbles there. When a solid



adhesion forces of particles on the surface to be cleaned and enhance
eheaning -ef fi.ci.eney- It will be appreshat-pd-that-thenet-hod of-the-present
i nvention is different fromdry and" “stBam T aser | ‘¢l'eani ng disclosed in the
prior art as discussed in the above paragraphs. As a 35 high power |aser
beamis focused into liquid, it creates a | ot of bubbles there. Wen a
solid 4 substrate is inserted into the liquid close to the focal point
wher e t heuds@stelis h@étf@dhﬂﬁ&ﬁ‘dquhhi&:losbitéluiedocdhbchbﬂ \@iser@tte | bes ahpddither egi on

of the focu int o ser The interaction, bet bubbl es
ohd the Gt pPE RLoried of A3 EaiorE The PG AN S R pe R RGP el

col | apsebetaesrhibe Ibumaesaancslhgeutatra_teerdaahsd\ aumwlsmedt thie queneentt et bubslef or ned

o o e Py, bEREREE 1 dOHRRSe bl R SHeod kil FlonBBdaiRar « e ol Ta
surf ate simeltanepusihddese bighvapess liawd jed @pd sbeck WaYﬁe”ﬁ?*E@éﬁﬂe ficesrYSHE i s based

on t hesecdrsifihaktd Par686s 1o didtdhelfdin tﬁ@@omﬁﬂécéﬂﬁﬁ& i thfat@f&Warcﬁr,Qll\é surfidef aces.
Since | aser does not irradiate onto solid surfaces, surface ge due to

t her mal B9 RIEF inyaRfioads B%Pef’8§é’u‘esﬁr'?séal"&t'?eﬁ'rl'qa'idﬁ“é@f‘f’37“%9‘&\'63‘@6?F8 Burfaces
in dry assidsueadss] SIRES ladd} débﬁﬁtﬁlllrl?@jlalabnb&owdlﬂjrdieds byrf;hdazaialﬂfagselné td nventi on.
Wth the |nvent|o to .ther ef f

i nduced B 5 ajgg?ds |np?%3lbé(t?s(§ﬁ'"§f"ra§cr{ @rectl nrragg,dd sﬁersf'réc a}nﬁ Steralmora aser

cl eatl ngclestinmein beaayolded avthedmbeahdverrtlgmt am nant s especially particles and
organi c contam nants on solid surfaces can be effectively renoved by

| aser - i nducWith thegeriesent énveating, fieceriag damagesdysrppierprEeifgotsTindreedrbyTipger

DR]{%W N&ﬁnzltﬁst.ﬁa.aéfch oftfo $d8 sjg.ﬁs&em ?ﬂ.&wsg&h&&nwmethswm BBRALRIBY v\dﬁm
reference to the | owi n es i on and acconpa erein:
20 1 G PTG HEREBN A 201 UL ZOATREGS SPOPH SERHE FO RS Mg 1 o
an enbodiefrRéd bphsdrhivdyzee Squd jet andstoclowavd-l G 2a is a m croscopi ¢ photo
showjng a Si substrate with 1mglass particles on it before |aser

cl ea ng; FIG 2bis a mcroscopl c photo showi ng the sane Si substrate
after 221045 ALY i nvention using excimer |aser

f ocusi ng into pure wat er vmth a wavel ength of 248 nm and pul se duratl on of
23 ns at 10.7J/cn? and 100 pulses; FIG 3a is a SEM photo show nql
substrate wi t HesEimohthepsesgpRenan Y"i"cﬂeé%m%ﬁpf?acrentﬁéf%f?@”?%‘é’e‘Pe69 e\gwpng

description and accompanying drawings wherein:

20 FIG. 1 is a schematic view of the apparatus for the method according to an embodiment
of the present invention;
FIG. 2a is a microscopic photo showing a Si substrate with 1um glass particles on it
before laser cleaning;
FIG. 2b is a microscopic photo showing the same Si substrate after laser éléaning by the
25  present invention using excimer laser focusing into pure water with a wavelength of 248 nm and
pulse duration of 23 ns at 10.7J/cm? and 100 pulses:
FIG. 3a is a SEM photo showing a Si substrate with 51 nm polystyrene particles on it
before laser cleaning.
FIG. 3b is a SEM photo showing the same Si substrate after laser cleaning by present
30 invention using excimer laser beam focusing into mixture of water and ethanol with a wavelength’
of 248 nm: and pulse duration of 23 ns at 13.3 J/cm? and 200 pulses.
FIG. 4a is a microscope photo showing a Si substrate with 1 um glass particles on it
before laser cleaning.
FIG. 4b is a microscope photo showing the same Si substrate after laser cleaning by

35  present invention using YAG laser beam focusing into pure water with a wavelength of 1064 nm



FIG 3b is a SEM photo showi ng the same Si substrate after |aser cleaning
7Y RFBS0NL: - 30-4-NMeNL.I ON USI NY. -exChABkhasefr-peam f ocusi-ngkat-exmmture of -
wat'ér and ethandl with a wavel ength® of 948" nrr and pul se duration-of 23 ns
at 13.3 J/cn2 and 200 pulses. FIG 4a i5s a mcroscope photo showing a Si
substrate with 1 mglass particles on it before laser cleaning. FIG 4b is
a mcroscope photo show ng the sane Si substrate after |aser cleaning by
35 presesid ;ium\éamainanomshagt ¥AGchhser 10ogametocusi ng into pure water with a
wavel engt h of

0 d f
pul ses. FIG Féé? |s§ rHlIcroPgospCd%‘gJo sﬁ H\E;%Lr#m%)ar}we chel:d@?dnegjt'\nlntgi A{C%%F%%F&&Ot h

particl eduring nemataetiringl beforedasennlebaiod.ur i ng bef ore laser cleaning. FIG 5b is
a m cr oscope RROLO:SIQRIGddIhoRAIBWHo!AELarL Lider b RscF LEAThYEY fisdi esent
5 invention using exciner fader beam focusi ng 1nto pure water wt

wavel Enginvensipn asigg expimerdases beae fepyping inthPwe @:@rwhatware'enwfer?éz’%emz’ﬂé

]E)ul ses. mg%ﬁ%dn%flg;;ﬁgg{ﬂﬁ?@@ea uieewWi ng a Si substrate with a

i ngerprint before |laser cleaning IS _a m.croscope to show n
the same Si SUBsP? it @ MFrpEsoPe REIP %P@%Hl%g' %@Straﬁ) Wffﬁ@s%wf"%”ﬂ{jlé%?redﬂsew ng
exci Im&*r tiesifig. beam focusing into mxture of water and ethanol with a

wavel engt h of 4 ul se aLl.0 f 0

pul ses. FIG Ffé ?%'Sam'%? 780 Bhoq RO Wm@hh%vﬁaﬁ%g ﬁ&ga&%sﬁ?rj%%%e? ﬁﬂ?ljoﬂy

par t 1] epresemt investionassing exbiger lasenkeprefoousing loloeralniumgof vrRiter, anpiethanopwith a

m Croscopg, @Iho or 208 Wl Yhdl gl )ﬁg%e%@%oﬁbf %Jll?ssétr@t:ieJ/@rfﬂﬁ{d {0dSRises! €ani ng by 15

present 1 nventlion using I mer |aser beam focusing into pure water with a
wavel engt h ofFl@4ga '&ﬁm@scsm glotg hewing A %fSUE%r%tf'swg'? tinparticlep o Hpftepd

pul ses. Kues umsbrﬁcaem.,@{ oscope photo showi ng a Si substrate with 1 mglass
particles on |§E7%ef or aser clea cop

S
showi ng the ¢4 s %ﬁ'ﬂg‘?ﬁ‘:ﬁ?"ep?ﬁ? éFm’Y'g%f-ﬂ'e Lak:F\ % 5&'55‘5‘1}9 a ‘Efq ?eéSCERF'"? %’\Y/ent i on
usi ngp exgresat invarstioh usiag exéimetiaserdeamifocusinguintd pwietwater witha wa\eleﬂgthmméﬁ and
et hanol with f Jduration of 23 ns at 5.7
J/ cnR anﬂngﬁd Eﬁ'%%égrl.aﬁ%?‘g}&%s aH&[&ﬁ%ﬁ&’ﬁWh@% ating the cleaning efficiency
of the net hoFIGf 84 ivea picesenpe pmateshowing av@i tshbsteatpeith 11 glhss particlemen At i on
of et hanpéf e laWRbiEhnind! G 10a is a mcroscope photo showing a Si substrate

W t ?ass particles on it 25 before |aser cleani ng
FIG. 8b is a microscope photo showing the same Si substrate after laser cleaning by

20  present invention using excimer laser beam focusing into liquid with a mixture of water and
ethanol with a wavelength of 248 nm and pulse duration of 23 ns at 5.7 Jiem? and 50 pulses.

FIG 9 is a graph illustrating the cleaning efficiency of the method of the present invention
with respect to the concentration of ethanol in water.

FIG. 10a is a microscope photo showing a Si substrate with 1 pm glass particles on it

25  before laser cleaning.

FIG. 10b is a microscope photo showing the same Si substrate after laser cleaning by
present invention using excimer laser beam focusing into liquid with a mixture of water and
commercial washing solution with a wavelength of 248 nm and pulse duration of 23 ns at 5.7
Jicm? and 50 pulses.

30 FIG 11 is a graph illusiating the cleaning efficiency of the method of the present —
invention with respect to the concentration of washing solution in water.

FIG 12 is a graph illustrating the cleaning efficiency of the method of the present
invention with respect to change in laser fluence.

FIG 13 is a graph illustrating the cleaning efficiency of the method of the present

35 invention with respect to change in pulse number.
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substrate ou
component surface and at the same time dry the cleaned area of the substrate out of liquid 40.

A liquid mixture and filter recycle system 110 is used to filter particles in liquid 40 and pour new
clean mixture liquid into liquid container 50.

25 FIG. 2a and 2b illustrate a silicon (Si) substrate 200 before laser cleaning and a Si substrate
220 after laser cleaning according to one embodiment of the present invention. An excimer laser
is used to clean Si substrate immersed in a liquid, preferably pure water. In this embodiment, the
wavelength of the laser is about 248 nanometers (nm) and the pulse duration is about 23
nanoseconds (ns). The laser fluence is about 10.7 Jiem? and pulse number is about 100. The

30 laser beam is focused at a point in the.water and this point of focus is about 2 millimeters (mm) S
away from the Si substrate. At original area 200, glass particles of the size in 1 micrometer (pm)
in diameter can be observed on Si substrate in FIG. 2a. After laser cleaning according to the
present invention, the glass particles on Si substrate have been removed from the substrate 220
as shown in FIG. 2b.

35 FIG. 3a and 3b illustrate a Si substrate 240 before laser cleaning and a Si substrate 260
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pure water. | aser is about 248 nm and 0 pul se
dur at i orPfP%e”bEé%ﬂt'OQéhﬁBa“'q'?Feoﬂ 'é?§éPdeFISH'@F§é‘aY% begsgamoves fome He it plrse

numbgyr | sho@RMIEIG. 5b. Therefore, the present invention can be used to remove contaminants from

many kinds of solid substrates such as Si substrates, magnetic head sliders and disks.

FIG. 6a and 6b show a Si substrate before and after laser cleaning according to the present
invention. An excimer laser is used to clean Si substrate in mixture of water and ethanol. The
wavelength of the laser is about 248 nm and the pulse duration is about 23 ns. The laser fluence

30 s about 13.3 J/cm? and pulse number is abcu:t-100. The laser beam is focused into water surface
and is emitted about 2 mm away from the Si substrate. At original area 360, a fingerprint can be
observed on the Si substrate in FIG. 6a. After laser cleaning according to the present invention,
the fingerprint on Si substrate has been removed from the substrate 380 as shown in FIG. 6b.
Therefore, in one embodiment, the present invention may be used to remove grease and other

35  organic contaminants from solid surfaces.
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water where the laser fluence being set at 5.7J/cm?. The point of focus into the ethanol and water

25 mixture was at a distance, d = 2mm from a substrate surface and the depth of the focus, D =
Omm from the surface of the ethanol and water mixture. It was found that cleaning efficiency for
cleaning a (Si) substrate surface of glass particles of the size of 1um in diameter increases with
an increase in the concentration of ethanol in water. The cleaning efficiency reaches an optimum
when the concentration of ethanol reaches about 30% in water,

30 FIG.10a and 10b show a Si substrate before and after laser cleaning in liquid with a
mixture of water and commercial washing solution according to the present invention. An excimer
laser was used to clean Si substrate in the liquid. The Wavelength of the laser is about 248 nm
and the pulse duration is about 23 ns. The laser fluence is about 5.7 J/cm? and pulse number is
about 50. The laser beam is focused into the liquid surface and is emitted about 2 mm away from

35 the Sisubstrate. At original area 480, a number of 1 um glass particles can be observed on Si
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The frequency is set to 1 Hz. The surface to be cleaned being that of a silicon (Si) substrate

where glass particles of the size of 1 um in diameter are to be removed. As illuétrated in FIG 13,
the cleaning efficiency increases with the pulse number.

In addition, it was also found that cleaning efficiency decreases with an increase of

T30 distance, d, between substrate surface and focal point of the laser beam. This is illustrated in

FIG 14, which is a graph illustrating the effect of varying distance in accordance with one
embodiment of the presen.t invention. The laser used is excimer laser at a wavelength of 248
nm and pulse duration of 23 ns at a frequency of 10 Hz. The pulse number at 100 pulses and
laser fluence at 13.5 mJ/cm? with Si substrate in water where the particle to be cleaned are

35 glass particles of size 1um in diameter. The depth, D = 0 mm from the water surface.
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a graph inygnten. rTzi‘tele&fef‘HéV%ﬁ'PfeéQ"'éﬁU%Pé!r"?rWVélcgﬂtaﬁU@nlsne%F@é@F)d%@é”Weﬁh one
enbodi nMegHy d?§ar¢.&1&mmneaﬁﬁn§ fioﬁV@nBﬁ)l @ﬂereﬂ-thﬁ'pelsaﬁ 88lidUeBstrdtés, %%éH A4S suBstfe,at A
wavel ength of 248 nm anpﬂé)u se duratio 23 ns at a %ency of 10 Hz.

The pul sB29NsHHEFadglIdeRNd ks e Eheiyid Hsﬁgé}gﬁp{f’éﬁﬁb‘“‘é&”"i@'sé” RNV Y Si
substy atmixture sakRer ant ether i&uenaagmdhdseldaaolb&ecdneanedoramercaﬁw@hagsomadsrt | cI es
of size lm,n diameter. Th ter,_sur

fla o Ot BIrNER Blinssiatol YN roPars o SfBhal AT oA e A dinsa men
of the @ndeamtaineyraddion thebhsoruts e whites Brthg plesent'irventiorel engt h of 248nm
pul se duration of 23ns at a frequency of 10 Hz. The pul se nunber 100 and

| aser f| uenfesugsimany the gregent inveRtionds grsignificantdmerovemantiqvehiy Rad sfeasy|pssr at e,

t o cl eancigdnays Feukihy alhefh polvetdd@aser BEanh intd & quill SHaBeE bubbfés ih lHeUﬁblﬂ.aAﬁ@le 5 the

I f d th t he f t
cor b ofbuBhieh o5 Tacq S8 S0, PRACRTHEY A SBOokMAY R RAPEIY MBI ot her
par anet esfbulitiecdiepte andadtighpeedriiquin jetieformeedidiuriag bhiglacdllapse|dTs to tibplelBd 14
and 15,4 the §Auﬁamém? ?éuoh th%ﬂé’éér-ﬁduéé&% ﬁg@%g&‘ﬁwd d@t"a%’&tshi?& leére‘?f@étﬁély"“ th

an i ncrease o uence or r an ecreases wt
remove contaminants on the solid surfaces Since the laser does not irradiate onto the solid

surfaces, surface damage due to thermal effects induced by laser irradiation in dry and steam

25 laser cleaning can be avoided by the present invention.

Various other embodiments of the invention provide advantages complimentary to those
already described without departing from the'spirit or essential characteristics thereof. The
presently disclosed embodiments are, therefore, to be considered in all respects as illustrative

____and not restrictive, the scope of the invention being indicated by the appended claims and all
30  changes whfch come within the meaning and range of equivalency of the claims are, therefore,

to be embraced therein.
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i'ncrease of di stance between substrate surface and | aser beam focus point
78 NGy ' wﬂ}.@ﬁﬂ?ﬂﬂﬁmg me%n;muf.;n ;pgv%m%mwmﬁ~

[ aser” and YAG Faser™are abl e to generate’ a strong: Ias-~~-=duced liquid jet
and shock wave i'n liquid and can therefore be used in the present

i nvention. The present invention can be used to renove contam nants,
especially tiny particles and organic contamnants, from many different

t ypes of Wedllaioh: substrates, such as Si substrate, nmagnetic head slider and
disks. The liquid used in the present invention is preferably water or 15
m xture of water and other solvents, such as al cohol, acetone and

comrer ci &l Ancephanatyssior dearing a surfage. ¢RIASISIG: r educe adhesi on force and
enhance cl eanj pde@ehintdotReyY- A high cleaning efficiency can be obtained by
addi ng these solvents into water in the resent |nvent|on In su t he
preseht invenin Q:H*l‘c?'§V5ée'§f°@fﬂ°f’?"?:%ﬁ1{as?rrp6?6‘\9§ﬂ9erﬁie 8Y K12 13Fe0 PEAMS W Ea rﬁ' er

cl eani nQthe et Bdanis Foduk@hatRopdirit @tla liquieio dieatea liduidjetarld shotidwavedatrediqidbbl es
in the I{gzld As the 20 bubbles nove towards a solid surface to be

cl eaned, d@% B is generated at the nonent of bubble collapse and a
hi gh-speed liquid jet is fornmed during bubble coll apse due to bubble and
surface bo i0 and
hock wate - 3F REbrpts At et BSH oot AR AR e HeS b e
the laser d¢tsesehot |rrad|ate onto the solid surfaces, surface danage due
to thermal effects induced by laser irradiation in dry and stean1 25 | aser
cl eaning_ can be avoided by the present invention. Variou ‘gf %plnents
of the inhvdRERBRAFHYO! CdPémé’dVQ?fF&‘d%%'aéﬂrPﬁPWd%f?%ﬁ? '? B "IRGEM F‘@b‘d’y

descri bed widsb@hedaisdet i Nng fromthe spirit or essential characteristics

t hereof. The presently disclosed enbodinents are, therefore, to be
considered in all respects as illustrative and not restrictive, the scope
of the i#vdheiapparbws ofcleimii futhedcdmprisee astguerfdehpldngthessusace Bl dosgon fianges
whi ch come Ju.hiyn the neaning and range of equival ency of the clains are,
therefore, to be enbraced therein. 11 We claim 1. An apparatus, for
cleaning a surface, conprising: a |laser beam source; 5 an optical system
for focusi mpe apparates ofefia 4 enereitthé staye ishembaste sheamirtoandceyt oitheliqiid  t he
| aser beamis focused at a point in aliquidto create a liquid jet and
shock wave in the liquid to clean the surface. 2. The apparatus of claim
1, wler eb.n Thaeppasates oftuism 4, svheiutbe durface xamrhe enrersedivliysermadioly in thetliquid 10

cl eaned.

by the stage.

7. The apparatus of claim 6,wherein the stage can move the surface in a horizontal direction

in the liquid.
25
8. The apparatus of claim 6 wherein the stage can move the surface in a vertical direction in
the liquid.
9. The apparatus of claim 7 wherein the stage can move the surface in a vertical direction.
30 —_—

10. The apparatus of claim 1, wherein the surface is formed of one of a group consisting a Si

substrate, a disk, and a magnetic head slider.

11. The apparatus of claim 1, further comprising a filter system for filtering particles from the

35 liquid.



3. The apparatus of claim2, wherein the Iaser beamis focused in a range
~hrom=01 st os; &*;,cm"cl ose 't ovthersaertpresiimcThe  apparatugref o
furt her conprises a'stage for hol di’ ng=t he” .U'r’*T'ace in position for =
cleaning. 5. The apparatus of claim4, wherein the stage is to nove the
surface into and out of the |iquid. 20 6. The apparatus of claim4,

wherein the surface can be imersed fully or partially in the quuid by
the stage. 7. The apparatus of claim6,wherein the stage can nove the
surface | i

claim®6 i'/\ﬂg% gigﬁﬁ érﬁ@?éf\galgx'{:gﬁk}ﬁoﬂ{\}ge Iaﬁg suﬂ%@géeﬁnasﬁ%etdpg%‘ﬁﬁp t‘rﬂ%g:%l on i n
the Iiqui dffOQ‘”FEPT@San?pdrt%ﬂtOan'@PS%qoaﬂ?n 7 wherein the stage can nove the
surface in a vertical direction. 30 - 10. The apparatus of claim1,

wherein the surface is forned of one of a group consisting a Si substrate,
a di sk, &hdna apejawe ctclaEnt whergrethe laser bqq%s%%}s(ﬁnggf BBF%PQOH*?'%'”Qf%Pt her
conpri si ng Yad lakdresn s)ihémdepand COL REEMY particles fromthe 35 liquid. 12
12. The apparatus of claim 1, wherein the | aser beam source has a pul se
duration in the range from 1 nanosecond t0l00 m croseconds.. 5 13. The
appar at us4.Ghe @pparatui of slhier HEwhetdirethe deser bémra fromdbie een aonsoutde fasgr lasyy

consi sting I £XCJ baser and CO2 | aser. 14. The

appar at us ﬂﬁéncl% 1 M%’\Lﬂ%eﬁé’ 5n‘ﬁ eéﬁgggl?mbeamfromthe | aser beam source has
a laser fluence in the range of 0.5 J/cn2 to 100J/cnR2. 10 15. The

appar at ugs, Eﬁ'ne Qﬁ@drmé&%‘ﬁﬁ §8bherdIf tHednRF b RARANATaRISNBINGH FBFAYe Bmi Bonhange
from 157nm 16. The apparatus of claim 13 wherein the | aser beam
has a freq&%h@?uﬁ'ange froml Hz to 10 15 kHz. 17. The apparatus of claim
13wherein the | aser beam has a pul se nunber from1 to 10000 for cleaning a
position,

16. The apparatus of claim 13 wherein the laser beam has a frequency range from 1 Hz to 10
15 kHz.

17. The apparatus of claim 13wherein the laser beam has a pulse number from 1 to 10000 for

cleaning a position.

20  18. The apparatus of claim 1, further comprising a gas blower to dry the cleaned surface.

19. The apparatus of claim 1 further comprises a container to hold the liquid.

20. The apparatus of claim 1, wherein the liquid is to reduce adhesion forces of particles on the

25 surface to be cleaned and enhance cleaning efficiency.

21. The apparatus of claim 20, wherein the liquid is pure water.

22. The apparatus of claim 20, wherein the liquid is a mixture of water and a solvent.
30 E—

23. The apparatus of claim 22, wherein the solvent is one of a group consisting alcohols,
aromatics, ethers, ketones, alkanes, halogenated hydrocarbons and commercial washing
solution.

24. A method for cleaning surfaces, the method comprising:

35 securing a surface to be cleaned in a liquid;



' ﬁa
I|qU|d isto reduce adhesi on forces of partlcles on the 25 surface to be
cl eaned and enhance cl eaning efficiency. 21. The apparatus of claim 20,
wherein the liquid is pure water. 22. The apparatus of claim 20, wherein
the |iquid i Soausimgwtlases bedmeht @pintin dhedliquisl to ganerate30iand jetBind aghpely Waves of
‘claim 22, whefekibnih ﬁme |nY8Woc §oﬂﬂ§la@£r skl ﬂ%sﬁ%‘ﬂ%rﬁﬁ)’ BAhabsRiekSbe

aromatics, ethers, nes, anes genat ed drocar bons and

comer ci al C'ﬁﬁ@ﬂﬁ%@h ”@é)m?t'@s(ﬁ"r'”dmed 'Nulﬁ’é?trﬁﬁ‘ spegk Wvéé%‘ﬁaﬁg}h%ﬂf‘fta&%es t he
nethod conpr|5|ng 35 securlng a surface to be cleaned in a I|qU|d 13 , .-
f.ocus ser beam a qui d
to génerzét Eh%l"wemd.aacqr@?g E’nﬁa'ﬁ‘ %hWE%eng'es ﬁ'&qe{‘?faf?dﬁggytﬁg %% oﬁ Poc]us  OcUS
of the | asefthbersr beantinase€liquiddxi mty to the surface to be cleaned such
that the |aser-induced liquid jet and shock wave clean the surface. 5 25.
The met hod according to claim 24, wherein bubbles are generated about the
poi nt of26f Fbeimethol at:tmdlhagceq:lalbe%ﬁmhnrenm@eIlasqub%lam Bdocuphd framtabedt Gid 8BR di ng
to claim?2 beamis focused fromabout 0.1 nm to about
10 cmfromﬁj B@Eﬁ??ﬁé’%”‘qg%%@g&me met hod according to claim 26, wherein
t he Wubbl es col | apse to generate the liquid jet and shock wave for
cl eani np7athd H@th&@éé@ﬁﬁm 18 8lain¥ P6; wiielhaple BEBRE dbigsd © geheramtiliquidieraadn t he
| aser beam hai 8%{ F urah{hon in the range 15 of 1 nanosecond to 100
m cr osecondRockyGve [ &leappg SIS SUHP i ng to clai m 24, wherein the | aser beam
is one of a group consisting a YAG |laser, an excinmer |aser and CO2 | aser.

20,20, RETHE LBy BEAR5A) k8 iUt PR R W g | e

cl ait 29, ﬂhbﬂ@i%%%@é@%mi%@@ﬁ?ﬂﬁs a frequency-in the range of

29. The method according to claim 24, wherein the laser beam is one of a group consisting a

YAG laser, an excimer laser and CO; laser.

20  30. The method according to claim 29, wherein the laser beam has a laser fluence in the range
of 0.5 Jicm? to 100J/cm?

31. The method according to claim 29, wherein the laser beam has a frequency in the range of

1 Hz to 10 kHz.

25
32. The method according to claim 29 wherein the laser beam has a pulse number which range
from 1 to 10000 for cleaning a same position.
33. The method according to claim 29, wherein the laser beam has a wavelength in the range
30 of 157am to 10.6 um.

34. The method according to claim 24further comprising blowing stray liquid spray and drying the

cleaned surface.

35  35. The method according to claim 24further comprises filtering particles from the liquid.

14



1 Hz to 10 kHz. 25 32. The nethod according to claim?29 wherein the |aser
AP RS & pukSe: «gurber - whi churangershramrdstus 0000 f or ~chedimgra - sane
‘position. 33. The nethod accordi ng-t'o:¢l*ai m"29,” wherein the l'aser beam has
a wavel ength in the range 30 of 157-n-n to 10.6 m 34. The net hod
according to claim24further conprising blowing stray |liquid spray and
drying the cleaned surface. 35 35. The nmethod according to claim24further
conprises filtering particles fromthe liquid. 14 fi7,r. .."J",t.+u e?r. -
-5 Y 36 ThBmbthodlREGIRg to cthim B8, whereirda stabe is-provided tb sb&Re tHé-surface. - _36. The
met hod according to claim 26, wherein a stage is provided to secure the
surface. 37. The nethod according to claim 36, wherein the surface to be
cl eaned gAMhE feldY BECIdibPtodNfiln 36, whékeiPihe tsiifadeit6lsé Blear carl B mievédiA@ and
according to claim 36, erein the surface can be noved within the iquid.
39. The meCHLY " di m 36, wherein the stage can nove the surface in a
hori zontal direction in 10 the liquid. 40. The method of claim 36 wherein
t he stag n ve the sur e i i i i Iy ks liquid. 15
4. The SeinoaeradearaPds SR f yRetd bb SBhactlcaRb el Bt ie b8
vertical direction. 42. The nethod according to claim 34, wherein a gas
bl over i 59 RhOWieRA Jf ChinDSOWhEEinThE Sgd ESHhE e ROE@acBa AENLRE dift8lid jRaned
surface. 20 43. The nethod according to claim 24, wherein the liquidis
hel d1@ n a #8t%idner. 44. The nethod according to claim 24, wherein the
i quid reduces adhesion forces of particles on the surface to be cl eaned

and enhance cl eaning effjcienc 25 45. The t hod accordi ng.tq. claim 44,
Wher o1 n_Thdht MEed of Sl ASCHGRE e s SeR Eve Mirunazs 0 Pe g Lo RpR e
wherein théqlid.quid is a m xture of water and a solvent. 47. The nethod
according to claim46, wherein the solvent is one of a group consisting

al cohols, 30 aromatics; ethers, ketones, al kanes, hal ogenated hydrocarbons
and tommet dhameltediof algim 39 wheretrthe Bstage can move the surface in vertical direction.

G 1

42. The method according to claim 34, wherein a gas blower is provided for blowing stray liquid
spray and drying the cleaned surface.

20  43. The method according to claim 24, wherein the liquid is held in a container.

44. The method according to claim 24, wherein the liquid reduces adhesion forces of particles

on the surface to be cleaned and enhance cleaning efficiency.
25  45. The method according to claim 44, wherein the liquid is pure water.
46. The method according to claim 44, wherein the liquid is a mixture of water and a solvent.
47. The method according to claim 46, wherein the solvent is one of a group consisting alcohols,

30 aromatics-ethers, ketones, alkanes, halogenated hydrocarbons and commercial washing

solution.



