Focusing an optical beamto two foci The present invention relates to an
appar atus and nethod for focusing an optical beamto two foci. The

i nvention has particular application in, but is not limted to, |aser

machi ning and nore particularly in |aser dicing of silicon wafers. 5 Laser
machi ning using two focal points froma single | aser source is known for
machi ning thick nmetallic sheets. Two focal points are generated froma
single laser source using a dual-focus lens invented at the FORCE Institute
(Denmark). A laser beamis focused by a lens having a central portion with

a focal length that isl'-‘bwusingam@ﬁg@llbémtocﬁwmmm'i ng portions of

the lens. Such dual focus |ens systems are 10 disclosed in, for exanple, WO

03/ 018246 and US 175,096 f hi ni n t hi ck | Li.c sheets
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| onger nmmintained and the disclosed device is only suitable for Iaser

processi hy abeipg drachisie wWingegalvaspmetey, MoF Hut lonbys ysing ha rteanpletion tellec| osur e
of beam s Canﬂéc’ﬂﬁse"ﬂ&'ﬂg Q&Mg@ﬁmfom beam focus would not be obtained across a square

area of field of view of the lens. This imposes a serious throughput limitation on the
current dual-focus technique for semiconductor wafer dicing. Moreover, the dual
focus lens does not provide a micron-range separation between the two foci required
20 for semiconductor wafer dicing. EP 0706072 discloses a system in which
advantageous manufacturing and maintenance costs are claimed by separating a single
focus lens from a beam splitting and differential convergence component. Limited
scanning of two beams with foci side-by-side on a work-piece is also disclosed.
However, in at least some embodiments, EP 0706072 discloses generation of multiple
25  focal points using a mirror with segments of different curvature. By this means the
single is beam is divided into fragments of beam of different divergence angle. Such
mirrors with segments are not standard optical components and would have to be
specially manufactured. Moreover, by this means a Gaussian profile is no longer
maintained and the disclosed device is only suitable for laser processing a thick work-
30 piece of few mm thickness. There is no disclosure of beam scanning with different

foci on a same optical axis one above another in a workpiece.



foci on a sane optical axis one above another in a workpiece. 1 WO

211114/ 105995 PCT/ EP2004/ 4005738 Silicon wafer dicing is at present an

i ndi spensabl e process in the nmanufacture of sem conductor integrated
circuits. During manufacture, silicon integrated circuits or chips are
normal |y Mapzwanesd9drom a waf er, conposed of a | arge nunmPe€T/Ef20e#05838 usi ng
a di anond- edged saw bl ade. However, the application of such abrasive dicing
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mechani cal® sr%‘?aniﬁ‘én&s_gg?{g% rﬁﬁ?’i %ﬁvq??{’ apxgg?sed5qt3ﬁﬁ%rgf: Pﬁ’mrl%ﬁ%f S very
thin waf engindf didnorddetieliisa Blade: HovveE thé BplicalibR b8 Bl BRasive Ficidgle
above-nentioned probl ens can be overcone with pulsed | aser dicing. wever,
al t hough |desemotiimsichthei requispments of che sernicanducteraindbstnufordgreatan acquracyy ns of

15 street widih and.dicCi | i.ty.. laser dj.ci,ng i s not.conpetitive in terns
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therefore laser dicjng is ,currently used to dige only, thin wafers with a

t hi ckness of |ess tinan 106"’;9%9“?1‘%%‘?‘&“1“38%%55?‘93?‘%/@%"?%di ci ng speeds
for mechanical saw dicing,, plot 11, and laser dicing, plot 12, as a
function of wafer thi ckneBigh cppicdugita higheasumptinn of sewrbladas; t hi ckness of 20
above 100 m laser dicing is unable to conpete with saw bl ade dicing in
dicing speed. The Bxtrenehippiwgofditisti ng speed of |aser dicing, which
results in an wunsatisfactory throughput, limts the applicability of |aser
waf er 1@ ci ng. To exd.end maskanichl sirexy and ctabk fdrarationfiredies; t he di ci ng speed at
waf er thicknesses of greater than 100 pmhas to be increased. 25 It is an

obj ect of the present invensuitabilid for&astthinowafeRt bed at e the af oresaid
deficiencies in the prior art. According to a first aspect of the present

invention there i s @rovi dggbaity 85&ft other than straight contours.

The above-mentioned problems can be overcome with pulsed laser dicing.

However, although laser dicing is able to compete with saw-blade dicing in terms of

15  street width and dicing quality, laser dicing is not competitive in terms of dicing speed
for wafer substrates thicker than apprbxirnately 100 pm, and therefore laser dicing is
currently used to dice only thin wafers with a thickness of less than 100 um. Figure 1
shows graphically dicing speeds for mechanical saw dicing, plot 11, and laser dicing,

plot 12, as a function of wafer thickness. The graph shows that at wafer thickness of

20 above 100 um, laser dicing is unable to compete with saw-blade dicing in dicing
speed. The extremely slow dicing speed of laser dicing, which results in an
unsatisfactory throughput, limits the applicability of laser wafer dicing. To extend

laser dicing to thicker wafers, the dicing speed at wafer thicknesses of greater than

100 pm has to be increased.

25 It is an object of the present invention at least to ameliorate the aforesaid

deficiencies in the prior art.

According to a first aspect of the present invention there is provided a laser
machining apparatus comprising plate polarising beam splitter means for splitting an
incident polarised laser beam to form a first laser beam and a second laser beam;

30 optical beam modification means comprising arcuate reflecting means for providing



machi ni ng apparatus conprising plate polarising beamsplitter neans for
splitting an incident polarised |aser beamto forma first |aser beam and a
second | aser beam 30 optical beam nodification nmeans conprising arcuate

refl ecti nggydmaisoshey providing 2 WO 291)4111159)5 PCT/ ERg¢1%pbddAbing7 3 8
the first |aser beamwith a different divergence or convergence fromthat of

the second, |laser bga f.ocusi ans for focusing the first. ] aser beam at
a first fp%gﬁs@%’é&fﬁ ?"éﬁ?‘l @Sﬁﬁ%gﬁnﬁgﬁfgeegq °ra%a"§eE¥Fﬁ‘f%§°P&b%§sqf TREARS and
for focusipggert b&nﬁemglingl Aths TeATodlsink SRCTS TREMDe bhQ TRt fRls axis,
such that at |east one of the first focus 5 and the second focus is not at a

focal poi niubsiantislly emansiptigahexinof thedocusing aneanstand forgfapusiygithe sespndcanni ng

the first r. heam . 5 r oss wor kpi ece
(45 to malefit SemALT sl B8 dmific SR s ek ol Ak e STHCARL Y noane
conpri $es ghdohe wevondifoElris noPaed €scabpyint of teSoouriy MRhNE and igaR/ahérhster f ocus
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Conveni ently, the ser I'ning apparatus further conprises |aser beam
generating nea for generating theyincident |aser. beam 15 Advant ageously,
the plate pol d&‘?‘ﬁ"ﬁa&eg'ésg%’lt %Hcg?tgfe%élﬁg MEBA FPBRUSES 2 GOBV e UL on dependant
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substantially colTimated. 20 Conveniently, aser beamis
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i nci dent pedtaednsaillimases addtemhs of midwes. Advant ageously, the | aser machi ning
apparatus further conprises translation table neans for noving the
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generating means for generating the incident laser beam.

15 Advantageously, the plate polarising beam splitter means comprises a
polarisation dependant layer for substantially reflecting the first beam with a first
polarisation component and substantially transmitting the second beam with a second

polarisation component.
Conveniently, the incident polarised laser beam is substantially collimated.

20 Conveniently, the first laser beam is substantially collimated and the second

laser beam is divergent after modification by the optical beam modification means.
Preferably, the incident polarised laser beam is pulsed.

Advantageously, the laser machining apparatus further comprises translation
table means for moving the workpiece with respect to the first laser beam and the

25  second laser beam.

Conveniently, where the first laser beam and the second laser beam interfere to
form interference fringes, the apparatus further comprises imaging means and
associated control means for using an image of the interference fringes to align the
first and second foci on an optical axis of a scanning lens associated with the

30 galvanometer means.



Conveni ently, where the first |aser beam and the second | aser beaminterfere
to forminterference fringes, the apparatus further conprises inmagi hg neans
and associated control nmeans for using an i mage of the interference fringes

to alignywhensfibéms and second foci on an optical axis opcwepaaRMng | ens
associated wth the 30 galvanoneter neans. 3 WO 2004/ 105995

PCT/ EP2004/ 003738 ref er abl he |l aser maghining apparatus. further
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appar at usrmmx%ratq:m%g?ly@sorg%{gr %3nning spredeuring machiping eba woskpiesst i nprovi ng
machi ni ng speed, inproving renoval of nmachining debris and enhancing
strength of tAdvantageouely, tbe Upiee ovachiniy appargus uBirther tdoeprises rgasrasistni ng

apparatus further conprises coating.neans, for applying a protectiye
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sacrifici fdr apphtingg protesdge eadrificiellcaating tathei sarfage ofahy svorkpitde/ pridrive | aser
machi ni ng,  apparatus is arranged for digcjn ilicon 15 wafers. .
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kerf ~thereby 1 ncreasing a maxi nunt nunber of dies per wafer. nveni ently,
an ef f ect bvisequenhtolasey thaddhingept h of the | aser beamis increased 20 for
i ncreased aspect ratio mcromachining of vias and increased throughput.
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wafers to rempve material. 4. .
removal of the sacrificial coating subsequent to laser machining.

Conveniently, the laser machining apparatus is arranged for dicing silicon

15  wafers.
Advantageously an effective focal depth of the laser beam is increased.

Conveniently, the laser machining apparatus is arranged to reduce a dicing kerf

thereby increasing a maximum number of dies per wafer.

Conveniently, an effective machining focal depth of the laser beam is increased

20 for increased aspect ratio micromachining of vias and increased throughput.

Advantageously, the laser machining apparatus is arranged for scribing wafers

to remove material.



WO 20041115995 PCT/ EP20041005738 According to anot her aspect of the
invention, there is provided a nethod of |aser machining a workpiece
conprising the steps of. splitting an incident polarised |laser 10 beamto
forma fi g wegsRbesbeam and a second | aser beam usi ng a plcatep2pdi@s?ssi ng
beam splitter; nodifying at |east the second | aser beamto provide the
second | aser beam wth a different divergence or convergence fromthat of
the first |aser beamusing arcuate reflecting nmeans; providing focusing
means; using the focusing neans to focus the first |aser beamat a first
focus on an optical axis of the focusing neans and 15 to focus the second

| aser beam at a second focus on the optical axis, such that at | east one of
the first focus and the second focus is not at a focal point of the focusing
means; and using gal vanoneter nmeans to scan the first |aser beam and the
second | aser beam across a workpi ece to machi ne the workpiece. Preferably,
the nmethod conprises a further step of scanning the first |aser beam 20 and
the second | aser beam across the workpi ece using gal vanonet er neans.
Conveniently, the arcuate reflecting means conprises a convex mrror.
Preferably, the step of splitting the incident |aser beam conprises using a
pol ari sati on dependant |ayer for substantially reflecting the first |aser

beam W th @ 114 SbrRRYe0l AL LARCCOROTENLANd SNE AR | bl ST N0, (e

second | aser beam w arrsatiron ¢ nen

nmet hod congpadlisifg a Wun?twe whqmsﬁfg me\swpg otth:lit@tﬂé@heﬁsﬁdwttﬂblaﬂ&ﬂﬂ%f to the
first | aser beam and e second | aser heamwi th transl ation tabl e neans.
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scanni ng sp
15 to focus the second laser beam at a second focus on the optical axis, such that at least
one of the first focus and the second focus is not at a focal point of the focusing
means; and using galvanometer means to scan the first laser beam and the second

laser beam across a workpiece to machine the workpiece.

Preferably, the method comprises a further step of scanning the first laser beam

20  and the second laser beam across the workpiece using galvanometer means.
Conveniently, the arcuate reflecting means comprises a convex mirror.

Preferably, the step of splitting the incident laser beam comprises using a
polarisation dependant layer for substantially reflecting the first laser beam with a first
polarisation component and substantially transmitting the second laser beam with a

25  second polarisation component.

Preferably, the method comprises a further step of moving the workpiece with

respect to the first laser beam and the second laser beam with translation table means.

Advantageously, the method comprises a further step of aligning the first and
second foci on an optical axis of a scanning lens associated with the galvanometer

30 means using imaging means and associated control means for using an image of



5 during machining of a workpiece. Preferably, the nmethod conprises a
further step of providing gas assist neans for at |east one of inproving
machi ni ng speed, inproving renoval of machining debris and enhancing

strength of the nachined workpiece. Advantageously, the )J,i ses a
further YORISE bl ying a protective 10 sacrificial cgﬁ?ﬂgzq?@%gpéurface

of the workpiece prior to |laser machining. Preferably, the nethod conprises
a furt herinstfersnoé fringes formed: bieirgerfarerdeaifahe firsblasérrhgasuddahe eeconddaseaser

machi ni ng. Advant ageously, the nmethod is arranged for dicing silicon wafers.
Conveni eﬁ%elav; a di stance between the first focus and the second focus is 15

between mllimetr and tenths of mcrans Advanta eOl.i| , di st ange
bet ween t he fhirglerabiycfie metfod SopRgsELH2 g Stepop E‘?‘&’Eﬂ @“%?t 3%4%8??8 a
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20 Ad$antdugiegunsichining of zimogkpieed. is sufficiently reduced to increase a
maxi rum nunber of dies per wafer. Conveniently, the nethod is arranged for
hi gh aspect rpaéfesably,cthe nvéthodicohiprisgs 4 furtisr Istepast pyaviding gds A¥0is? Ofkhis 105995
PCT/ EP2004/ 005738 The jnvention wil] now be descri bed, by way of exanple,
with ref deestdeash onpeol HHBYSNTRERINIAESHeAgsIMBIOVIAE J8mopaky of dnachining gr aph
of machi nj : t [ | ade dicing 15 and | aser
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di ci ng of prior ar s a sc ¢ drawi ng of optical
conponents fo eperating,two foci fromac.si,ngl e optical. beam according to
the present iMHpﬁ%ﬂ?Slﬁ?‘BﬁfBe'§°§§°5‘P§‘é?fgmga}°Bv§}ﬁ@P 8 HRY °§§fi tter of
the qpti cabrifidisltobtihe 4 sulfAcelsfahe workbidde Priof tofladed nfachefiggrat i ¢ draw ng of
optical elenments of an apparatus according to

Preferably, the method comprises a further step of removing the sacrificial

coating subsequent to laser machining.
Advantageously, the method is arranged for dicing silicon wafers.

Conveniently, a distance between the first focus and the second focus is

15  between millimetres and tenths of microns.

Advantageously, a distance between the first focus and second focus is

selectable by selecting a radius of curvature of the arcuate reflecting means.

Conveniently, a focal depth of the laser beam is sufficient for high aspect ratio

micromachining.

20 Advantageously, a dicing kerf is sufficiently reduced to increase a maximum

number of dies per wafer.

Conveniently, the method is arranged for high aspect ratio micro-via drilling in

silicon wafers.



an aspect of the present invention, incorporating the optical structure of
Figure 2; Figures 5(a) to 5(c) are vertical cross-sections of a dicing | ane
machined in a wafer illustrating a dicing strategy useful in the present

i nventi onyohu@uoeed i s a di agram show ng scanni ng direct 't,@@,%ﬁ@u%ggg@nti al
scans of a 25 dicing |lane useful in the present invention; and Figure 7 is
a di agram showi ng a scribing-dicing procedure useful in the present
invention. In the Figures, |ike reference nunerals denote |ike parts. 7 WD
2004/ 105995 PCTIEP2 004 //10 5 73R An apparatus according to a first aspect
of the invention for generating two foci froma single incident optical beam
is illustrated in Figure 2. Alinearly, circularly or elliptically

pol ari zed and col limated | aser beam 21 is incident at an inclined angle on a
first surface 221 of a polarising plate beamsplitter 22. As shown best in
Figure 3, 5 where an elliptically polarised | aser beam 21 is incident at an
angle of incidence O on the first surface 221, the plate beamsplitter 22
splits the laser beam 21 into a reflected first |aser beam 24 and a
transmtted second | aser beam 25. Preferably, the first surface 221 has an
anti-reflection coating, not shown, to reduce energy loss at the first
surface. The second surface 222 has an s-type polarisation coating 223 so
that s 10 polarised light is reflected to formthe reflected first |aser

beam 24 while p-polarised light is transmtted to formthe transmtted
second | aser beam 25. It will be understood that the polarisations of the
transmtted and reflected beans will be reversed if a p- type polarisation

coating is used. Referring again to Figure 2, the second | aser beam 25,
which is transmtted through the plate beamsplitter 22, is incident on a
convex 15 mrror 23 with a radius of curvature of R and is specularly

reflect ed bacifhé ivergén Wil noRebaiesRtibdd, ®Y wad GSexaniple,aniR Réfefede® isltheaser
beam Therefore, output fromthe conbination of plate beamsplitter 22 and

convex ni PeeoMPARYingdrawinge bl whiskar | aser beans 24, 25 with different angles
of divergence. These two beans may interfere to forminterference fringes.
Since in the Eiguradl iengraphefmachiringspeed 5. wafer thickindsmfor 3awtblads dibisgm 21 i s

col i E'r?t e(ajmd faglgcﬁgr'xlg%?{h%dpr;cjrraﬁg | aser beam 24, which is a reflection of

Figure 2 is a schematic drawing of optical components for generating two foci

from a single optical beam according to the present invention;

Figure 3 is a schematic drawing of a beam splitter of the optical structure of

Figure 2;

20 Figure 4 is a schematic drawing of optical elements of an apparatus according to

an aspect of the present invention, incorporating the optical structure of Figure 2;

Figures 5(a) to 5(c) are vertical cross-sections of a dicing lane machined in a

wafer illustrating a dicing strategy useful in the present invention;

Figure 6 is a diagram showing scanning directions in sequential scans of a

25  dicing lane useful in the present invention; and

Figure 7 is a diagram showing a scribing-dicing procedure useful in the present

invention.

In the Figures, like reference numerals denote like parts.



collimated | aser beam 21, is also collimted, while the second | aser beam 25
has a divergence angle of B*, where 9" = % and Dis the dianeter of |aser
beam 21. The first |aser beam 24 and second | aser beam 25 energent fromthe

pl ate be ReyrRbdst ter 22 are incident substantially noppgl canmni ng
| ens 26. Th ‘?'ll rst |aser beam 24 and second | aser beamg gir%m ?)'(‘:’ﬁ?gd by

the telecentric and/or f-Theta scanning lens 26 to a first focus 27 and a
second focus 278! apRaEYEE BEGAEdIRE tapdirst gspect of thejgventignsfor peresating W ®Ci'ens 26

t han t he . s Feimt oAt HeaiAGe ieRaN tF'I?i x bl at; ci 27,
28 is a func§ ?ggrggfﬂ‘tﬁ:h%%r gﬁ}nﬁz}sl of ?ur‘vature rll? 0 t?e%clcl)%é\%g ’?nﬁﬁgr 3%’023.
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first tocus 1s 1lldstrated on a first surface of the workpi ece and the
second f odbsfirsbsurfaser22l hthefplatstbeamespbtterr2? splitsabp daseribeapr dhihte arrtfletedf t he

kpi his i t . al ef d meth f i ni ng. | e,
the Tirst Ardciisermah 26 i e rhnBiRes i Br Premt 2o drv Rt e sl of "t he
first and §asQub)l Rsenh dtiaRetort@atingBio? dhéwi, 6 Reduda enbrg9 Moy dt khefrsf OCussed

at the focal point of the scanning lens. Otherwi se, neither focus will be
at the focutfagoiThe seicondsurfaess 222 hagoin stype padarisation conting)@28i sosthat scus 27

can be witten WOr N =27t~ (1) whepe . ] h ffeghive, focal .|ength of
t he Igﬂs é)gl'ianﬁf?i‘gl%l&}'aﬂege%éoaﬁérgﬁmetr?ét;ct@egisﬁLagﬁli g‘?)ar‘?1 ggl‘g}‘}es%ﬂ) Hs?fgg been
descri bed,light isWanbmithal tofoaAh e tradiaditted febnd REEFEbeain TR MWAPbE L dkstodidt

necessari Ingﬂdependent on ol arisation, e a half-silvered mrror, may be

used, al t Hbaighe pelssisafians,p tmelwitt@fmdcdegh@w beams Wikl [bg, rewerserbifghPt he use
o 2 SoD o WA RAR RS RO Aa BRSO 215 Dol olge of (e
for exanpls, whithels teansannedgongh ther plateVizamhsplinen @2, ishiacidemesyanoaver
15  mirror 23 with a radius of curvature of R, and is specularly reflected back through the
beam splitter 22 as a divergent second laser beam. Therefore, output from the
combination of plate beam splitter 22 and convex mirror 23 are two collinear laser
beams 24, 25 with different angles of divergence. These two beams may interfere to
form interference fringes. Since in the embodiment shown in Figure 2, the incident
20 laser beam 21 is collimated, the reflected first laser beam 24, which is a reflection of

collimated laser beam 21, is also collimated, while the second laser beam 25 has a

divergence angle of 8", where

g = D/R ,and Dis the diameter of laser beam 21.

The first laser beam 24 and second laser beam 25 emergent from the plate beam

25  splitter 22 are incident substantially normally on a scanning lens 26. The first laser
beam 24 and second laser beam 25 are focused by the telecentric and/or f-Theta
scanning lens 26 to a first focus 27 and a second focus 28, respectively. The first
focus 27 is closer to the lens 26 than the second focus 28. A distance between the first

and second foci 27, 28 is a function of the radius of curvature R of the convex mirror

30  23. Therefore, the distance between the foci can be changed by substituting a different
mirror of different radius. A distance of a few millimetres to a few tenths of microns

is found to be suitable for, for example, dicing semiconductor wafers. Although the



convergence of one enmergent beamfromthe beamsplitter with respect to the
ot her energent beam and return both beans along a sanme path to a focusing
| ens or system nmay be used. 20 Figure 4 depicts an overall optical system J

for two-fpghodspsgimsabl ation for silicon wafer dicing usp@gephiRiHeEsS NY
[ b

apparatus of the first aspect of the invention, although it will be

der st that the.i tion i | ] i table.f i Ci hi ni
ot hert ypdestoptus i UHRTERH a frsh Hidaceraf el BriGisseiand:the Seelpd toee or
wafer. A basRkn (BOErQFobds GRS dbBosed RbbrHeshriads ¥F the Whrigdiece IS §hbty the

| aser produces nangsecond, 25 picosecond or fentosecond pulses. In one
embodi menalwsys ahprefarredermethod, oft machiningr Fonexample thetfirgt feouis anayaberabge power

rangi ng from7 trlet. te .of - kHz and a,pul wi dt h
- Cher afigings G the Hratur AP I bhe Be b e g sefoptilset pEafd S EufiteRE "t o
the | aser geauhstcbehin iwilll benforuisgd 0lthe focalpoift WA IEN @hAINEEENHOthehaged before
t he dual focusing optical arrangenent in order to convert the |aser beam 30
pol ari sat neither ocup WiHibea thefocalinointiofthe lens equi red. The | aser beam 21 is
directed into the 9 WD 211113/1115995 PCT/ EP211113/1105738 beam splitting
optics 22, 23A spbot sigt mal,gdofithe firsyfoms 27 chy bawkittestaspl ane nmirror 42 inclined
to the | aser beam 21, such that the |laser beam 21 is incident on the plate
beamsplitter 22 a#ﬁlja angl e of incidence B. First and second | aser beans
24, 25 emer gemty,f o (beam splitter 22, 23, 5 with different divergences
fromeach other, are incident on a second inclined plane mrror 43 which
reflects the first second |.as bea 24 onto a pair of

gal vanonet er ﬁY}?ef%rs'sglﬁ? ef%féwgg?g?z#&ﬁ&@hﬁep; égs 44 are located optically
upstream of the scanning lens 26 to provide high-speed beam scanni ng of the
first1@nd secédibioughsdieamespliiter deperdennopelanigition has beem desemibed. it wilor mal to

the first,and secon a e e ni I 6 I r.eferably

tel ecentr P?: pRars &’?{I’hogﬁé. %(%;;rgs : fg?iﬂasypﬁ(&gpé n&ggl_eg%%g%ﬁy eflg%q%dg'i’tl i®Bon, _
netal or peRris@iodl e.glachaMbiblerdtb mifor e}t B¢l usdd, %ltﬁb@%mﬁossitﬂ?%ﬁmbﬁépe_ ring
48. During dicing the |aser beamcuts through the water while the dicing
tape i s upfigiengy. only slightly cut. The plane mirrors 42, 43 are enpl oyed

nerely to provide a conpact | aser
Similarly, although the use of a convex mirror has been described for changing

15  the divergence of the second beam, any optical component, or combination of optical
components, for example lenses or concave mirrors, which change the divergence or
convergence of one emergent beam from the beam splitter with respect to the other
emergent beam, and return both beams along a same path to a focusing lens or system,

may be used.

20 Figure 4 depicts an overall optical system for two-foci laser ablation for silicon
wafer dicing using the focusing apparatus of the first aspect of the invention, although
it will be understood that the invention is equally suitable for dicing or machining
other typesAof semiconductor, or other material, workpiece, substrate or wafer. A laser
source 41 generates a pulsed laser beam 21. Typically the laser produces nanosecond,

25  picosecond or femtosecond pulses. In one embodiment of this invention, the laser
beam suitably has an average power ranging from 7 to 15 W, a repetition rate of
50~100 kHz and a pulse width in the range of a few tens of nanoseconds. The laser
beam 21 emitted from the laser source 41 is linearly polarized. A waveplate may be
placed before the dual focusing optical arrangement in order to convert the laser beam

30 polarisation to elliptical or circular if required. The laser beam 21 is directed into the



15 machining system The plane mrrors 42, 43 nmay be arranged in other ways,
according to requirenents of an application of the invention. Either or both
of them may be dispensed with, according to the application. Aternatively,

addi tion inors _may be added to the nmachining system i The -
waf er 45%9%2“’?%’6 on an XY transl ation stage 46 on whi ?ﬁT{E‘r?g‘H'\f\é ‘e?s 45 is

.20 supported during a nmachini ng} process_and_by which the wafer 45 is

t rans| at ebeatn splitting opties 22,23; Hiusirated tin Figpre dcbya first planemismer 424nclgddur i rig
di cing an f.t fyqdL.Ci .' fiel j: of the
scanni ng ?06?1186 .lg r@ﬁ géh%%qﬂ? t?és l{ﬂ‘%ﬁ%@ﬁ%?%ﬁﬁ%}%’n@Te;*lﬁg%ﬁ%giﬁngégd second
| aser beanpadan aigle ofriciiente &r om t he beam splitter 22, 23, optically
downstream of the second plane 25 mrror 43, which is partially reflective

and partial | yplsansivsdcoh@ase? MR Al 25 CM¥rbéR FrdQhé REA ngﬁmtehgz,f 33,nges
formed by interference between first and second | aser bea 24, 25." This
i mage s wdtbddifforent idivergemees fromy eachootbess aralincistent on at $exond hisglinbd pplankal | on
t he optical. axi,§ of. thesscanni | ens 26. ,That |s, t | aser beagns and
foci are "EFPbﬁédwEﬁLtﬁgeg ?F'&I}ﬁ's%%‘i sgfondn S?yé?dé‘?ﬁ gg’ ?g?%‘ftprﬂgp?‘ﬁé’ convex
M rror angda¥noméid Mitrors A4WThé gdlendridleCnifedra 44 lakdidcaied optibally fysegh t he
partially reflecting mrror 43. This light transmtted by the partially

refl ect i vef Hierscanning lgnsrfsto-provida Jughyapacdrasamaiganning wof thefiest fand seevadof t he

211414, 11 RGORABE TR Frtrsra shblFVaeRh8 Buh? PR Biseflha hobr e
and Wi@n bedind) Gesscariingriens| 26016 peforably telexgikriarantl/cr FTIFhddat TR Wafes mayoduced.
M salignment_ of the two foci results in a drastic reduction in ablation

speed. DuPg.fgr examplecoingilignne sedal oringa-metak (Thegvafer 4515 moppledoad diping t op

surface o \Whi f i1 j fsi de the
bul k of vvg t‘é?ﬁ% 1 a§ a%.ﬁ!gunfé?glscgné @%zﬁﬁg;ﬁ tg %cgﬁm‘%%ho‘f‘e t‘%galmgﬁéérﬂgs shown
in Fi gured&in(fétapwstdmgtatdnﬁy slgghtiyautwaf er dicing i s used. To achieve a high
cutting speed and acceptable quality, the | aser beans 24, 25 scan a wafer

al ong a di ci nghé phfe nifrordB4, 4B RkCehplol e mitelP tdprovRRacontpaztidsa@b! € scanni ng
speed ranges froma few 10 hundred sec to a few thousand mmi sec. An

exanpl® ofmachiaing gysieny Toe planegyinoss 42, 43 may be arranged in other ways,
according to requirements of an application of the invention. Either or both of them

may be dispensed with, according to the application. Alternatively, additional mirrors

may be added to the machining system as required.

The wafer 45 is mounted on an XY translation stage 46 on which the wafer 45 is
20  supported during a machining process and by which the wafer 45 is translated with
respect to the first and second laser beams 24, 25 during dicing and after laser dicing

of an area defined by a field of view of the scanning lens.

A CCD camera 47 is located on an axis of the first and second laser beam 24, 25

emergent from the beam splitter 22, 23, optically downstream of the second plane

25  mirror 43, which is partially reflective and partially transmitting. The camera captures
the image of the fringes formed by interference between first and second laser beams

24, 25. This image is used to align the first and second foci so that they both fall on

the optical axis of the scanning lens 26. That is, the two laser beams and foci are
aligned to the optical axis of the system by rotating the convex mirror and by viewing,

30  with the CCD camera, light passing through the partially reflecting mirror 43. This
light transmitted by the partially reflective mirror 43 forms a fringe pattern caused by

interference of the first and second laser beams. When the beams are aligned a ring

10



depicted in Figure 5. At a high scanning speed, a small quantity of silicon
material is renoved froma dicing lane 51 in a wafer 52, form ng a shall ow
channel along the dicing |lane 51 as shown in Figure 5(a). By further

cutti ng ay@REASH9di cing lane 51, further silicon is rep@ypthobimiEyishe waf er
52 | ayer by layer, 53, 54, 55 as shown in 15 Figures 5(b) and 5(c). Let n

cycles of repeated scanning be required to obtain,a through cut, then using
a scanni ﬁ@agfﬁegﬁ°%€§ﬁm c ,gle<s:1 ‘?’rﬁé‘ﬂ#‘r‘if'ﬁ@"@p‘ﬁ@%‘ %Bfﬁ%@‘% istfigned;iag; ng
process life@iMrofringd patter isRodRedUMasalifnthent BFahé BV $oct rBdulls iM aCdtastic 5 »» 9 +
(n -1)T where L is a_ length of the dicing lane and T represents a delay tine
of the sd@#ﬂ?ﬂﬁgm@damﬂmﬁﬁdat an end of each scanning cycle. Therefore, to
achi eve a maxi num machi ning speed, T nust be reduced to a mninmm The
scanni ng di r éatringrthefdicing lpregess, ¢hé §rst fequardfeid locatedioh aatopesprfabmof the end

poi nt _.of a previ qu canni ng.cycle. i tartin oi pt of a next cycle. As
shown’i n Vﬁfg'u‘sé “g’fﬁvﬁf&P&°‘ﬂ‘°§§?&¥%&$éﬁoﬂ?’8§‘8§f“ﬁ&>‘hg&@%e wag‘?fdga‘ﬁf‘éa?"ai ci ng
l'ane 60, cidse &8 bbR&AsulFBad15f tRE wakeras siovif R Fifufe®.B in a first cycle 61, 25
the | aser beans 24, 25 scan fromB to Ain a second cycle 62, and so on. The

scanning sp : Wag] i t to
achieve a hig g%qaﬂg ﬁggﬁgﬂ I&%%ngggﬁﬁﬁ%gﬁ]dg';rﬁcagﬁe:vg'ga%ggl? g‘%{%@g gﬁéérd %f er
di ci ng i muaiptable guality; ¢lxs lasei bsams e 25azen a hadersalddg 2Dicagriame @rci ng | ane

once at |ow.speed.v,a,,,..a,,, to,.cut. through.a bulk.of a 30 wafer. A
oui t abl ¢ T4 fi ﬁ&‘%spé‘éd“ﬁg Stiped rs&'r‘r’tj’ge f%‘gﬁ’ﬂlﬁgfwm&?ﬁ M % &6t ens
M1 sg¢g dRRAEH RtRBc tHiaC e Houlind MA/waf Ah. ex%h:!}x@ lo? (ROLEHing Q&Y R
vaporized 11 WD 21)1) 31105995 PCT/ EP20041005738 nuateri a} cannot’ escape

conpl et eldgpictedrin Figpro v Atractugh seatining spees, disviatigquaatity. offsilicorgmategiahist i t y of
nol ten or_vaporikzed terial d.,s. re-d i t.ed.inside.the,qrogve. Tg obtain a
cl ear cutrerﬁ?%ﬁ% PHe }cé?glba"ﬁeaﬂe‘,n % Pﬁ"é?‘??ﬁe orgung ashallawy aﬁﬂ%geacr 0SS

t he waf eicinis lang S1Ne slowinbh Bighat S(E@) Bieftthebeotting A6 HeeditipgJamas RAT aph.

The scanni ng speed and 5 the nunber of cycles nust %gal n be optim sed by
exper i mederthes stlidends germoviedy fremy the pwafen 33 Hyes prdayer, $3,t34, $5cas showm ist r at egy,

the 9¥er 1, KPSH) U0 sEHORE: hoeylek Gt epeslea Warkily 58! eGhéld o8 Bk 4"
of the

through cut, then using a scanning speed V.., , @ machining speed v, ...

dicing process is obtained from the formula:

Liv =nllv

machining scanning

+(n-DT

where L is a length of the dicing lane and T represents a delay time of the scanning

20  mirror at an end of each scanning cycle. Therefore, to achieve a maximum machining

speed, T must be reduced to a minimum. The scanning direction of each cycle is

arranged in such a way that an end point of a previous scanning cycle is a starting

point of a next cycle. As shown in Figure 6, where A and B represent two opposed

ends of a dicing lane 60, if the laser beams 24, 25 scan from A to B in a first cycle 61,

25  the laser beams 24, 25 scan from B to A in a second cycle 62, and so on. The scanning

speed and the number of cycles are optimised by experiment to achieve a highest
machining speed.

Another cutting strategy for wafer dicing involves two steps. First, the laser

beams 24, 25 scan a dicing lane once at low speed v, to cut through a bulk of a

30 wafer. A suitable scanning speed is in the range from a few mm/sec to a few tens

mm/sec depending on thickness of the wafer. At this speed, molten or vaporized

11
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LI vmaehinmg = L / vinwepeed + nL I Vsmniag + nT Al though the invention
has been described principally as applied to dicing of 10 sem conductor
waf ers, the invention has other applications. For exanple, a focal depth of

the | aser yheamyifyode extended for high aspect ratio m Cr&“ﬁﬁmoﬂi/ﬁlgms
Simlarly, the invention may be used for high aspect ration mcro-via

drilling in, for exanple, sili cog wafers. In a dicing application, the use
of the twiategial camot awwapagempletily Alompagrogve aghingd in tiogieing lans: A lakgehe used

bet ween dhﬁant@h?m?g?ﬂﬁr Léﬁﬁm@& oA S RUPBRG inQte gie]s‘% e.B® oliginGMOdat ed

on a givern size wa The 1 nvention may alfso be use r scribing

| ow di el ecteat cutcalosg #ret dicingMane, thealasaritehm sdafis domafoycles racrass Khé eadert o be
machi ned i ncl udeg mul ti] ayer el.egt.rani c devi ces, such as

i nt egr at ed$BE M{:mg ﬁ}'ﬁteﬁé@ﬁﬁﬁj’&? ’?ﬂﬁ?et 5?‘%_’?8%?@%"?"&?5‘?— waneingspeed and. onnect
circuis begrflimbed o s RKBOSER teopf s bP QUBrithah RPAVRYiidhRMS €
damage to layers of the nmultiTayer workpiece, since these |ayers my be
very t hi nmaehiningxspeed.dn this guttingl atrategnithe overald ameshinihggpeed: ig pleteaininedhas a

t hi ckness of, 5 a stanﬁgrd organic dielectric layer typically has a

t hi ckness b¥fhedplipyvinged¥atale woul'd occur to a 25 nuitilayer wafer diced by a
hi gh power | aser beam a process of scribing-dicing is_enployed to

el i m nate danage to | ayersLdr‘{m&m{az E'JfL/chepemﬁ’Bfr'f‘ay@;g tafer. Prior to dicing,
the wafer is scribed by the | aser beans 24, 25 at high speed to form scri bed

lines 71 bot hagthg@sh fife MvehtidnHad B dedcribed PRmiFdIRad apd[ﬁimoediéingme _
scribing machining speed is higher than that used for ‘dicing. At such high
machi i ng sepicertiucBy wafers,| thy cinyersiont bgs other dppkidations nF evatramplee asfopgul at ed

W t hout cagusin ny,.d t 2 1 5 | ERP2004/ 005738 their
edges. A af'@}‘n‘g @‘Fo%@%gg%g" d@?{;i‘f‘ b%gexg%gé‘flgr %ﬁ&ﬁg@ﬁeﬁﬁ%d&c&g@aémngem ni ng
portions @imildify, Hd inkemivRhRly teearatfor highsepédirnticnimiacsii dyiflif in| forhas been
found that gas or air assist further inproves dicing speed, reduces debris
and enhanekample.silinonsyafers: A gas, such as one of argon, SF6, CF4, HFC,

helium 5 or a chlorofluorocarbon or hal ocarbon gas, applied to the wafer
sur f ace t her elma dicing application, the use of the two foci of the invention allows a reduced

15  width kerf to be used between die. This means that an increased number of die may be

accommodated on a given size wafer.

The invention may also be used for scribing low-dielectric constant (low-K)

materials.

If a wafer or workpiece to be machined includes multilayer electronic devices,

20 such as integrated-circuit chip packages, multi-module or high-density interconnect
circuit boards, a direct exposure to a high power laser beam may cause damage to
layers of the multilayer workpiece, since these layers may be very thin. For example,

a standard metal component layer typically has a thickness of 5pum, a standard
organic dielectric layer typically has a thickness of 30 um. If damage would occur to a

25  multilayer wafer diced by a high power laser beam, a process of scribing-dicing is
employed to eliminate damage to layers on top of the multilayer wafer. Prior to
dicing, the wafer is scribed by the laser beams 24, 25 at high speed to form scribed

lines 71 both sides of a dicing lane 72, as depicted in Figure 6. The scribing
machining speed is higher than that used for dicing. At such high machining speed,

30 thin layers on top of the silicon wafer are singulated without causing any damage to

12



further increases dicing speed and dicing quality. The workpi ece may be
coated with a protective sacrificial coating before nmachining to protect
the surface from debris produced during machining. The sacrificial coating

may be rempyamMiabdoes nmachining to facilitate renoval of Seghepd&feREI S.
Al t hough the invention has been described using a beamsplitter with a

single inpcid beam. it W e,.apparent that the sane advantage may be
achi eved use’lung({k;es’ %I %ﬂrna iqr\éuos% ﬁgnd(%%ﬁﬁge%e?fw? A% Usedyto srpataty edfelnfag'?‘a%t

di ver genCEo@fon@@fl&ﬁrsgﬁﬂﬁewaf&flf@eith\mdsyﬂﬁﬁsﬁﬂﬂﬁeﬂ@ﬁ,@s.t he focal depth of the
conmbi ned beans incident on a workpiece 15 by producing a plurality of foci.

This inventiof Hi&YbeRh FYhEtE Al gheas hir 294T® ﬁ}mwﬁnljgex\/&n&iéﬁgﬁge%treaﬁﬁf Coul

enunerated below. 1. An ability to cut thick substrates that are
to cut thdelrigrandsinhancss diengjteagthod gagcunch agoficefdrgom @R6, €F 4t HECE beliwed spot

limts_a maxi num t.hi ckness a er, beam wih,a single focus can cut

t hr ough. Pﬁ?r%@hﬂ@'oﬁ %gaaqrt%xagﬁcglrbqrbgﬁss qufle%d%i%l%@%?r f‘H}jascFr Mg t he
f ocal dep'ﬁm;iﬁc%sémbin@isﬁébmtdicihgg{lﬁhy. i ncreasi ng dicing depth. 25 2.
I ncrease the ablation rate It is found that higher ablation efficiency can

be obt ai ned i i | NS the. : er
rat her than ogh?h%&?ggcg 3}“?’23‘? g%t?(? %%@@Z%c%@%%gngﬂagscgguéggyﬁqﬁﬁé
f ocussed dmelhingi m rofect Ihd lsurfacea fromi alebrimfproducet hdurdims enachivingy Theici dent

on the top surface may be not suffjcipent to overcaqone, 30 an abl ati on

Uhr eshol dETilicRatng 90 Re rapPued GReumeRhining fooBicilipieo ot o 88h 13 vo
2004/ 19598e,:RCT/ EP2004/ 005738 beamto be focused deeply into the bul k of
the wafer while the other is focused on a top surface of the wafer, so that

t he abl ation  Start | iffi . 1S , the

abl ation rat eR:jtg&l? &’%Z@%%ﬁ@h‘g"&hlﬁgﬁ dé%c{rg;? #g‘ﬁggrgakééﬂ%%ﬁl#e&% afsél\é@ can be

further eieidennbehnbyit twil Hei apiparbpn drat e wimet ddvantage may be achieved using a
plurality of independent laser beams with different divergence or convergence
effectively to increase the focal depth of the combined beams incident on a workpiece

15 by producing a plurality of foci.

This invention may provide at least some of the advantages that are enumerated

below.

1. An ability to cut thick substrates that are difficult to cut through using a single
20 focus.

A focal depth of the focused spot limits a maximum thickness a laser beam
with a single focus can cut through. Introducing an additional focus is
equivalent to stretching the focal depth of the machining spot, thereby
increasing dicing depth.
25 2. Increase the ablation rate

It is found that higher ablation efficiency can be obtained if a focus is focused
deeply inside the bulk of the wafer rather than on the top surface of it.
However, when a laser beam is focussed deeply into the bulk of a thick wafer,

the laser energy incident on the top surface may be not sufficient to overcome

30 an ablation threshold to begin ablation. Ablation with two foci allows one laser

13



5 plunmes produced by dual -1aser abl ation, which has been studi ed by

Wt anachchi ("Hi gh ionised carbon plasnma generation by dual -1 aser abl ation
for dianond-like carbon filmgrowh", Mat, Res. Soc. Synp. Vol. 617, J3.6.1-
J3.6.6, 2000.) According to VVtanachchl s study, dual-|aser ablation
produces MOAMUHIIAES, while single focus laser ablation PCTARIORNEBS| une.
Moreover, 10 dual -l aser ablation increases ionic content of the plunmes by at

| east five tinkedm edefaressddeeplyintaithebull oftheywafer svhils thpptberis forussd. The.
S eence rion AriopPREREET B Wifer Al AP oINS A8 B dfeaterd 1Y

of ionic content in lunmes 1s that nore 'S vapori z Inth

same tinme, in wnhnmduﬁ'm}tylsln thisaway, thel ahlai:dhe'amaedn(&baﬁdfm@mmlghrabtaeon From
W tanachchi's stud

i d h b f
doubl e-f ocal - p‘Gf"nf’?/&l’tﬂt QIY‘? cr’\?\ﬁlnlcg%g‘"ih qul':lt'ﬁé’g gl gté}l‘g nldlgfgéf‘e‘{csﬁ)é{f bt
conventi onal ;alpﬂkg ?ﬁﬁg&edo%wtd@wx&% Ongrl]atié)tnﬁ'b hi.ggcf}gft Bén aah@f: ogy rate

i ncreases by few tinmes poi nt ablatiron. The
factor depe ndsWaianadhchlkﬁ‘&hgh amtdsathcafbwraplasmugeaembﬂ rbyaduh“lasee rablaowr 3.

Red deb bl fect [ ti d
R L v TN T
generating molie@s foabe)rA@éormgtt& WitdrlaBHeHE sTREdY, '&hQQla%}%leﬁ% ,ﬁ@a@&pos' ted.

Thermal energy fromthe | aser beamincreases ténperature at e machi ni ng
spot. Wen a tpwoeplomes,mvhidelsinglepfocus laser abiatmazrbénhesmelpdmnsdt/fnmm}lm ocess

dom ngtes the bl at,i on I ocess. IS | d, po hig macul ar
clustets are %Pb%ﬁﬁreﬁbl PSS ’Qg‘cocéjﬁp?’i OF theg%lﬁg}cg ?‘Bﬁhﬁv‘f Hogs
ablation is nmoggnp ayanw&ﬁttharbfck)ﬁhg@tfe&nstMeé iphgthe. has%nﬁéqheﬁde%r ththerefore
a cleaner finish'is obtained with double-focal-point ablation. In addition

to the dual pl mrmcenﬂthemdgnmnahmme@ddhe higher dersityrofdenic contenhia the unes,

the kinetic en e 1o kS increased b afactor Si.X kN
dual - | aser ablé’t”i%%ﬁ tr‘%igg]s%e H%E:eg% %6 °ﬁ8"°aks}w&‘§ JHpesgn §g}ef RER S’ Hi gher
ki netic_ener gymh®AgsSistrembaed & a Righer fate) Fobm W{ItathHi@Béﬁ.ldyl M%ed?&u EP2110 3

/110 5 7 3 8 ions avva¥ fromthe nmachining spot, which in turn results in
| ess Ieposi t i ohatghe ablation rate of double-focal-point a lation will be a few times higher

than that of conventional single-focal-point ablation. It is found that ablation

rate increases by a factor of a few times with double-focal-point ablation. The

factor depends on thickness and material of the wafer and laser power.
3. Reduce debris.

20 Laser ablation is a combined effect of thermal melting and ionisation. At
initiation of ablation, melting dominates the process, generating molten
material emitted from a machining spot and re-deposited. Thermal energy
from the laser beam increases temperature at the machining spot. When a
predetermined temperature is reached, an ionisation process dominates the

25 ablation process. When material is ionised, no big macular clusters are
produced, so that less debris is generated. Dual-laser ablation is more
ionisation-dominated than single laser ablation, therefore a cleaner finish is
obtained with double-focal-point ablation. In addition to the dual piumes and
higher density of the ions present in the plumes, the kinetic energy of the ions

30 is increased by a factor of six in dual-laser ablation process, according to

Witanachchi’s experiment. Higher kinetic energy leads to faster ejection of
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debris. 4. Reduce chipping /cracking. Chipping and cracking take place when
a laser beamis used for ablation of 5 brittle materials, such as

sem conductor and some transparent materials. Chipping and cracking is
caused mawo yolyoetock waves generated during | aser abl @0TeEP2desnosBst her mal
heating effect. Since double-focal-point ablation is nore

i oni sati on-donj t kRGs ] ORES A j -

focal -point ab dgxﬁagféy re Jgggﬁgﬁ?b%%r%ﬂﬁ*g%f(ﬁng caeﬁ%%w%gf)%g@éﬁﬁntoﬁ doubl e-
10 focal - poi ntdetisisati on. 5. Hi gh aspect ratio can be obtained As previously
menti oned, double foci increase the focal depth of the rmachining |aser

spot. Therefor4 a hRglece cppiag /¢ratking.of a nmachi ned channel or aperture can
be obtai ned with doubl e-focal -point ablation, for exanple, the 15 machining
of micro-vial CRipp@il smekekipg WRE plase wiftn RRSUARANKRY fisedi fF Ablfibnidre sane
system settings, kerf w dths produced by doubl e-focal -point ablation are
found $o be snbittler matmwis,hwg B$ cemieandustos jang | some dransparentt magériads.i on.

This has the a i s may be 0 commodat ed
on a given seme}é§ﬁh%g?%&r Q\%aﬁkg‘ré %?“3&%@%@3 ‘gfeﬁ]gcht ?.ave},s. giﬂﬁ“fztf"?)a}ﬁf‘Bgcut any
contours. Unli lagernattdtin @@ toiheimigl ieaths effecdsSincd @0l Fadut-polift aBRvieAt age of
being able to _ dice any contours, and are not limted to straight |ine cuts.

8. Scanni ng 25iSAB0Kf wnisatar-depunated, thap meltisg-domingted comparedi wigh sinigleg t wo
focal points f a. single | SQk | r hj ni- g, t hi ck
metal lic sheet fso%??ngo\mfélﬂg{n% é?‘g%gl &%Fg?ﬁf‘ﬁ/éa%%ggé%n{égaef‘g%%ﬁ Sﬁhg“%ﬁ% gl e | aser
sour cgy usi ng afodnlapoihvshlatidrens. The dual -focus | ens inproves machining

t hroughput and quality but is |imted by a short lifetinme and high cost of

the lens. Moresi rrpo;;igmggﬁéct Rabichs Bk dblatheBOor 30 silicon wafer processing,
the main drawback of this technique is that the 15

As previously mentioned, double foci increase the focal depth of the

machining laser spot. Therefore a higher aspect ratio of a machined channel or
aperture can be obtained with double-focal-point ablation, for example, the

15 machining of micro-vias in semiconductor wafers..
6. Reduced kerf width.

At the same system settings, kerf widths produced by double-focal-point
ablation are found to be smaller than those produced by single-focal-point
ablation. This has the advantage that a larger number of dies may be

20 accommodated on a given semiconductor wafer, giving cost benefits.
7. Ability to cut any contours.

Unlike mechanical dicing tools, laser tools have the advantage of being able to

dice any contours, and are not limited to straight line cuts.
8. Scanning

25 As discussed previously herein, laser machining using two focal points from a
single laser source is known for machining thick metallic sheets in which two
focal points are generated from a single laser source using a dual-focus lens.
The dual-focus lens improves machining throughput and quality but is limited
by a short lifetime and high cost of the lens. More importantly, particularly for

30 silicon wafer processing, the main drawback of this technique is that the

15



WO 2001/ 105995 PCT/ EP20114/ 005738 known dual focus | enses are not

tel ecentric so that the | aser beam cannot be scanned at hi gh speed across a
wor kpi ece bei ng machi ned using a gal vanoneter mrror but only at a

rel ati velwoshenospeed using a translation table, becauseCtmreeug/ssmsini ng a
uni form beam focus woul d not be obtained 5 across a square area of field of
vi ew of the | G dlia? ARIERRsré Bbl RiRentiBsBUAMPHE 1hdeibedin Ghnblpt N Known
mul ti-focal technique for sem conductor wafer dicing. Mreover, the dual
focus | ens doesamet pt okighie spead cacorss r ang@rkpieqsarkgingo madtingk nutikg 2 wo f oci
required for sem conductor fer processing. regver,. the invention has
the cost advarﬂag‘}g?ﬂowkéﬂ_s‘f‘ﬁﬁ)%uin ¥ d Sﬁeiaggflyl%/g‘(‘foﬁ%%‘%@ﬁ% wt{aﬁgla{io%
necessity of rgpefeechiide BisddSinAlngOP ihifetm BEIP FoRtwould MR R\ Shtfined N
summary, this invention provides a technique of |aser ablation using two
foci @ener at ecicfasora aquaregires bh dield i€ ariew oofi therlenss Bliis dmposes pesstioby

generating nor t han ,one_fqcus, nm croneter .range separati.on,, on, for
exanple, a si Itﬁ'cob'ﬁﬁ%gfl&”. _uI‘Hleon é‘a‘?@%ﬂ?‘%@é%“q‘g'ffgﬂéeﬁh%{%ﬁt OBﬁCM‘EﬂrGH%mg_ hi gh
abl ation rate \fer @b Mbreyvdrotit el FhueuaR ddes nbi plvideraficForiAnge | S
readi |y achi eved by a conventional | aser ablation process. Additional

advant ages i nciepatationsbetiiean theotwa foct eqyired dor seaticpnduster avafercprioressingeduct i on
of kerf w dth, ity 10y ol (S | td Qn. can be
used as a di rel\é[?gg‘r’%gltg%elh{é% loéf h%o%‘\%en |(i‘l(rqg%“@%gwbgiﬂéin%gs%%ég%gsés?&w%?e- and

post -i@i Ci Ng presfLaeds witivat A nedessignefardamiiktirfnCGipbtivBoptical Aompsaéntsrachi ni ng
apparatus conprising plate polarising beamsplitter nmeans (22) for splitting

an i nci defiferfigtedd S@tnAAdS fis RRAMIGEplovides b WchhRué of fsed Al1ftion BEATIWZ4) and a

second | aser beam (25); “optical beam nodificati'on means conprising arcuate
refl ect i nigengeaemteddrom roinglé taser beant fq improvesahlatinncspeed by generdting sroeat

di vergence or c%nver?ence frtomthgt of tI he seicogd Iqsers.ﬁean&, fo HSi ng
means ( 26HER 87 5ROt RICTRtET PL8€ pepRmiogeaTat Samate 4 sifse dafes7THEn an
optical aigvantdgestidfehd RiveRiicDintRAlR KIEH abRtiod Akeand\gn hbititys Regied thagi beam at
a
15  thicker wafers than is readily achieved by a conventional laser ablation process.

Additional advantages include: elimination of chipping, reduction of debris, reduction

of kerf width, and an ability to dice any contour. This invention can be used as a direct

replacement of conventional saw-dicing process, pre- and post-dicing processes

remain unchanged.
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second focus (28) on the optical axis, such that at |east one of the first
focus and the second focus is not at a focal point of the focusing neans;
and gal vanoneter neans (44) for scanning the first |aser beam (24) and the
second | aser beam (25) across a workpiece (45) to machi ne the workpi ece. 2.
A laser machining apparatus as clainmed in claim1, wherein the arcuate
reflecting né@héﬁﬂ§nprises a convex mrror. 3. A laser nachining apparatus
as clained in clains | or 2, wherein a distance between the first focus and
the second fobud\ lasersapchining lappasgtus epmprising plate pelatising deamuapliieumeanst t he

fobu ninbleppd ising seumeas
of craims 1 to BORERIng ik PR LA SRRRTRTL 78 & AR " CCone

focus is betweebedth|(biyeid @Secaiddlab@nbdas (F5)nbscanbearh. médifiagin MwEi ni ng
apparatus as clainmed in any of the preceding clainms, further conprising
| aser beam genefamprigingndeaygte eilpctingrmepns dpmpronigling tie; fivst lasertbeapowrhiased

| aser beam (21) dif%r%ﬁeggigg%re?%gggicg{qg&%egggae;&aut%a@%f Ghe!saEhd @ be i the

precedi ng cl ai ns, I arising beamsp I neans
conpri ses a pol &dusiaginidans () odfatisih@the fir{tA2s3} béam asafisst &dus & 7)\onraaf | ecti ng
the first beam(24) wth a first polarisatigon conponent and substantially

transnitting t hepdeadani obdhmiocnsing mgpngand fopfasusing dheatecand laser Regmpdent . 7.

A | aser nachi ni t i i: pt.ecedi | aj. s,
therern the i ncrSAITBAR (S 85 ol BIRELE SO ot of RECURFAMERA B 1, o
A [ aser machi ni agd appaeaindsfoaas ¢4 abtrad ai focalnpoiaf of the foesaty rgand; adnds,
wherein the first |aser beamis substantially collimted and the second

| aser beam is &paRqyasier means (4 peangingdhe égﬁt {aser Rsgm 4D and s seeid i cat i on

means. 9. A lasgfe B I'ndcl‘;sggcré ot ?ec@%zrsg't@' nEﬂmeaxDé(rk?fsecé he preceding

clainms, wherein't ent polarrsed ser beamis pufsed. 10. A | aser
machi ni ng apparatys as clai.ned in any of, th recedi ng ¢l ai wherein the
"aser mmohi hiho aBer apGeves erefed s vele PLREFR: fonbelif dne oRIE
reflecting means comprises a convex mirror.
3. A laser machining apparatus as claimed in claims 1 or 2, wherein a distance
between the first focus and the second focus is selectable by selecting a radius

of curvature of the arcuate reflecting means.

4. A laser machining apparatus as claimed in any of claims 1 to 3, wherein a
distance between the first focus and the second focus is between millimetres

and tenths of microns.

5. A laser machining apparatus as claimed in any of the preceding claims, further
comprising laser beam generating means (41) for generating the incident

polarised laser beam (21).

6. A laser machining apparatus as claimed in any of the preceding claims,
wherein the plate polarising beam splitter means comprises a polarisation
dependant layer (223) for substantially reflecting the first beam (24) with a
first polarisation component and substantially transmitting the second beam

(25) with a second polarisation component.

7. A laser machining apparatus as claimed in any of the preceding claims,

wherein the incident polarised laser beam is substantially collimated.
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means (46) for noving the workpiece (45) with respect to the first |aser
beam (24) and the second | aser beam (25). 11. A | aser nachini ng apparatus
as clainmed in any of the preceding clainms, wherein the first |aser beam and
the second | aser beaminterfere to form interference fringes and the

apparat us furg hgr | .cgQnyy. 7 L ol neans
for using an 8It n§ g&of a%}zlﬁﬁlﬁ’lte eér‘tgsncrggadf"é:ﬂm%ge%1 %@n%gﬁﬁéﬂﬁ%%gﬁ% ?Isa%}hgand
second foci (27wh®8)n the fanst Gyser baim axsubstantidlyscadhmiated dndnthe s¢@6)d lasssoci at ed
wi th the gal vanpnet er..neans aser chi i ng apparatus. as clainmed in
any of the precBfi™hl ddYe&g?'FgafteWQ?héJC NG SQB{} %ﬁ&ﬂﬁmﬁﬁf%‘% BrnéetaB% further
conprises scanning strategy control means for contro Ilng gst one of

i nci dent 1asék Be rp%t‘lnl%u?%@rat%ﬁétql‘t“m?ﬁ g Ry é.)lftd g T H%canni ng

speed during W%EIQL e?ﬁclé’et édelﬁé%rb%ﬁntfpdl?eﬁer machi ni ng apparatus as
0 r

clainmed in any e precedi alns conpr|5|ng gas aSSISt means

machini ng_ deti & S BRG] %p%ft AR g eiBRRE e e e b B 1.

| aser machi ni ngwaBRA! Mid!$ases nfdcBiniR appar@ly fAfthdrheorpeks dirdiglagibai table f urt her
conprising coating neans for applyi &Ba protective sacrificial coating to

the surface of mteh@ (#6) kireewing theoworkpiepe 66y witcieppachép therfirphlasesdeamg a

surface of the C roduced during | aser machining and
also facili tat @h% gfgndfqg%cfgﬁgénsl?%sﬁom t he wor kpi ece surface subsequent

to | aser 5 A | aser .n a tus as cl ai d n claim
14, further agn%r e BiachRing RS aHo R it B ke it esit SRHPb L cot | ve
sacrificial coahp@in HOFERIUSH,: Bedm FXEkhdTBEDLA1RG: bEEm fhiddSetoNRBERI Ni NY

apparatus as clained in any of the preceding clains, wherein the |aser
machi ni ng appar attetrﬁercm:eaﬁrmgcsgadi flmrappamatusﬁushctn Q;mrprvsm émaging IeanA\(4Aser

machi ning appar atcy assomateg contro means 3 us?r];g gnhliafn ge o(‘f%gé prger(férgrllc%sﬂinges to

align the first and second foci (27, 28) on an optical axis of a scanning lens

(26) associated with the galvanometer means.

12. A laser machining apparatus as claimed in any of the preceding claims,
wherein the laser machining apparatus further comprises scanning strategy
control means for controlling at least one of incident laser beam power, pulse
repetition rate and galvanometer scanning speed during machining of a

workpiece.

13. A laser machining apparatus as claimed in any of the preceding claims, further
comprising gas assist means for at least one of improving machining speed,
improving removal of machining debris and enhancing strength of the

machined workpiece.

14. A laser machining apparatus as claimed in any of the preceding claims, further
comprising coating means for applying a protective sacrificial coating to the
surface of the workpiece prior to laser machining for protecting a surface of
the workpiece from debris produced during laser machining and also
facilitating removal of debris from the workpiece surface subsequent to laser

machining.
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wherein an effective focal depth of the |laser beamis increased. 18. A |aser
machi ni ng apparatus as clained in claim 16, arranged to reduce a dicing
kerf wi dth thereby increasing a maxi mum nunbers of dies per wafer. 19. A

| aser machi ning apparatus, as clainmed,in any of the preceding clains,

wherein the ¢&fechLyeuBinD afa%ah s AeRhBd 9h élg@'1a8%npaae&mgri§tiﬁgreased

for increased aspect rati o mcromachining of vi and 1 ncrease oughput .
20. A laser macfatingigemppar ateass der ctrmpvabdofi theapyotedtiveheacpifiemddioagng| ai ns,
arranged for scribi ngnv%/a ers tg.renove material. 21. A nmethod of |aser

machi ni ng a wor Q5P BABEIYng the steps of a splitting an incident
pol ari sed | aser beam 21) to forma fir IIEI@(gser m (24) and g second

| aser beam (28)A ulgfeﬁgmacfﬁmagea%{aé?s 3 & | P s p(ezéshngbc 2iMmSdi f yi ng
at |east the Se\gﬂé}gin tﬂéﬁ"serr}ﬁgc@h(l %ép}#a?at{?sr @%hgﬁ%e?%ﬁﬁﬁﬁ‘%:@lcdn%ﬁé beam with a

di fferent divergence or convergen rom t hat | aser beam (24)

usi ng the. odlek g heane PREr B, oF ol B bETHS B iy

focus (27) on aph&@einiaadiffeaivesfoos] depth dmﬁmmgaemamcmde& or focusing the
second | aser beam at a second focus (28) on the optical axis, such that at

l'east one of 1ghg [hiek ShadhRfils aﬁﬁéjraﬁlgeassﬁeﬁ%q ihQQsim 18, BRingdl B £@&@la POI Nt
of the focusing neans (26); e. using gal vanoneter means (44) to scan the

first |aser beairclagétetﬂvedthsthcmbﬂlﬂca@emglaenmmunmsnbdnseoﬁm:kmrememo machi ne
the workpiece (45). 19 22. A nethod as clainmed in claim?21, conprising a
further stepl6fAaksg@ninachihing apparasis, ascclsigednid idcCof ahe precepingcahingsxi s of a
scanning lens (26) associated with_ the galvanoneter neans (44) using

i magi ng means (Whdreiafhe aﬁ%w&a@wlr&%f%lgdepf%ameflaﬁer DA 3 MRreRsRdgier of

| nterference fr:n@x%%%df g&?%@%h%ﬁ&%ﬁﬁﬁg‘&ﬁlg aridficreldeithro@filt. Peam (24)

and the second T aser

20. A laser machining apparatus as claimed in any of the preceding claims,

arranged for scribing wafers to remove material.
21. A method of laser machining a workpiece (45) comprising the steps of:

a. splitting an incident polarised laser beam (21) to form a first laser
beam (24) and a second laser beam (25) using a plate polarising beam

splitter (22);

b. modifying at least the second laser beam (25) to provide the second
laser beam with a different divergence or convergence from that of the

first laser beam (24) using arcuate reflecting means (23);
c¢. providing focusing means (26);

d. using the focusing means to focus the first laser beam (24) at a first
focus (27) on an optical axis of the focusing means and for focusing
the second laser beam at a second focus (28) on the optical axis, such
that at least one of the first focus and the second focus is not at a focal

point of the focusing means (26); and

e. using galvanometer means (44) to scan the first laser beam and the
second laser beam across the workpiece to machine the workpiece

(45).
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23. A nethod as clainmed in clains 21 or 22, conprising a further step of
controlling at | east one of incident |aser beam power, pulse repetition rate
and gal vanoneter scanni ng speed during machi ning of a workpiece. 24. A
method as clained in any of clainms 21 to 23, wherein the arcuate reflecting

means (23) coMN hR@td@aLamheed M S 21 2omptisiks RGrRs &é}ﬁbﬁgﬂ%ﬂiﬁg any of

clains 21 to 24, wherein the step of splittin the 1 ncident Taser beam
conpri ses usi ndirst apdlsegdndeoéiom atepivdbanis by sqan(id@3yns 6) assabistedwtithal | y
reflecting the first |aser beam (24). wi.th a first | ari sat i conponent
ind subst ant | Al ERTaEE T 14 himbotriePa sienh O 0 535 csRBE Cong
pol ari sation coRaa8eHtusingtn ihadB bh Riterfgerfce FHinEA fbﬂncﬁﬂzy Riter€dréicd®oféde t 0 25,

conprising a further step of noving the workpiece (45) with respect to the
first |aser bednst(a¢y beam (24 end ecepend lassebedieé?A)(25) with translation table
means (46). 27. A nethod as clainmed in any of clains 21 to 26, conprising a
further step2hfA method disngaipeesl as slasms rHans R20rcoatprisegst funthenfstepnpft ovi ng

machi ni ng speed, inprovjng remval  of machi ni ng debris and.enhancing
Strengt h of -t heontiRlliRg ABFHEIE Y SRidens IESeT e BRIFTRUIS PREACT ISR of

clainms 21 1o 2%q4RMREESiAfNRg sHEddNRIing hWeRhRing SRPWYIkPREE Protective

sacrificial coftal ng to a surfgce of the workpiece prior to |aser machining.

29. A net hod,as i i i : i Si43g : I enovi ng
the prot ect:l)'lgeA gg?{rqq?agcclh%?lglgg%ﬁ }ﬁgf%lggseqlu%n%i t“gle{egﬁs{eﬂ?}edrrrr%%he%ﬂ%t}ﬁ 0. A
met hod as cl ai meghnb (233 RYmpfis@laaiomwexhidrér. 29, arranged for dicing silicon

wafers. 20 31. A nethod as clainmed in any of clainms 21 to 30, wherein a

di stance betyeeqmeith {4 d15incdaa sy (02 €aiRo 31 tthe4s fheReh f}f_écs*ﬂﬁ; 62littisy bet ween
mllinmetres and tenths of mcronS. 32. A nethod as clained in any of clains

21 to 31, wher éhningidgnt taaerckeabecoepmses tibiagfa paarisatenslependanthlayere@dd f ocus
I's selectable t%gr guebls%%%iaﬁ)g rgﬂe';:ﬁrqé e ﬁzst laser beam (24) with a first polarisation

component and substantially transmitting the second laser beam (25) with a

second polarisation component.

26. A method as claimed in any of claims 21 to 25, comprising a further step of
moving the workpiece (45) with respect to the first laser beam (24) and the

second laser beam (25) with translation table means (46).

27. A method as claimed in any of claims 21 to 26, comprising a further step of
providing gas assist means for at least one of improving machining speed,
improving removal of machining debris and enhancing strength of the

machined workpiece.

28. A method as claimed in any of claims 21 to 27, comprising a further step of
applying a protective sacrificial coating to a surface of the workpiece prior to

laser machining.

29. A method as claimed in claim 28, comprising a further step of removing the

protective sacrificial coating subsequent to laser machining.

30. A method as claimed in any of claims 21 to 29, arranged for dicing silicon

wafers.
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curvature of the arcuate reflecting neans (23). 33. A nethod as clained in
any of clains 21 to 32, wherein a focal depth of the |aser beamis
sufficient for high aspect ratio mcronmachining. 34. A nmethod as clained in
claim 30, wherein a dicing kerf is sufficiently reduced to increase a

maxi mum nunbey Rfrg&;lsa aﬁ%fah asﬁfany?’éf clAnte3 NI RSyl hlrle@\sﬂaﬂceasefw%n cl ai ms

21 to 34, arrange pect" ratio mcro-via Ing 1n silicon
wafers. 36. A nbk¢ hictf@®ss (:27a|ané¢he| secamiyfootds @B pisrbetvecentoil BB etrasrandrierebls f or

scribing wafers . f.or renoval of material fromthe wafer. 21
of microns.

32. A method as claimed in any of claims 21 to 31, wherein a distance between
the first focus and the second focus is selectable by selecting a radius of

curvature of the arcuate reflecting means (23).

33. A method as claimed in any of claims 21 to 32, wherein a focal depth of the

laser beam is sufficient for high aspect ratio micromachining.

34. A method as claimed in claim 30, wherein a dicing kerf is sufficiently reduced

to increase a maximum number of dies per wafer.

35. A method as claimed in any of claims 21 to 34, arranged for high aspect ratio

micro-via drilling in silicon wafers.

36. A method as claimed in any of claims 21 to 35, arranged for scribing wafers

for removal of material from the wafer.
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