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MACHI NI NG A WORKPI ECE W TH LASER SPOT ENCARGEVENT —Technitat—Fretd—(666H

" The present invention relates to |laser mcromachining_and, in particular,

' to a nethod and apparatus enploying a fast steering m RERLACTMENTASHERT
spot having a focused spot size in a desired pattern on a substrafeltb 2004
renove a target area that is larger Than the focused spot size 3n t he
substrate. Background of the Invention [0002] The background is pﬂ%‘htzgm,
herein only by way of exanple to nultilayer electronic work pieces, such as
integrated-circuit chip packages, nmultichip nodul es (MCMs) and high-density
i nterconnect circuit boards, that have becone the nost preferred conponents
of the electronics packaging industry. [0003] Devices for packagi ng single
chi ps such as ball gruff arrays, pin grid arrays, circuit boards, and
hybrid mcrocircuits typically include separate conponent |ayers of netal
and an organic dielectric and/or reinforcenent materials, as well as other
new materials. Miuch recent work has been directed toward devel opi ng

| aser - based m'cD?I ng(%gj t ' u(ﬁitoformvias in, or otherw se
process, these @ %Sé&ﬁ%@ ININGAIVORKRIEGFo WITE: ussed her e n
only by way of exanple to RENEARGENENT t ake the form of conplete
t hrough- bol es or inconplete holes called blind vias _ Unfortunately ) |aser
m cromachi ni ng enconpasses nunerous vari abl es including |aser types,
operating costs, and |laser- and target material -specific operating
paraneters such as beam wavel ength, power, and spot size, such that the
resul ti-ng machi ni ng t hroughputs and hole quality vary widely. 1 ~ 0o SEP
2004 [0004J Pul sed ultraviolet (UWV) lasers currently used in m cromachi ning
operations produce relatively small spot sizes conpared to the kerf w dths
~and hole dianmeters desired for many applications. Laser machining

t hr oughput for ckeshricalFigkd such feature geometries that are |arge conpared
to the | sp ize. hereinafter referred to as "contoured machining, "
may be iﬁ@?gs e?hgjg résr%f WFﬂtéfnaFei JRdasshmiqremachiniogand dermitionldrases  beam
As descr metddiand atdsemplé¥in ing the |aser out of

f ocus, n et alh&:ﬁg,an ef ng?t ig\%é%gg%%%ﬁg%ﬁggﬁgosgra orPU LAXINg R [ educe

i ts ener BFUSFSTROL Size 1B axlesirgd pagern Oa,mbst&%tmwes-m%i aredlthat % ﬁ?%er099,
bot h of ﬂle%cﬁledaﬂ&ss?%é@gm%dvﬁﬁm &ges of enpl oyi ng | aser syst®ns to
generate | aser outp pur-s PEPNIAS dv ant ageous paraneters to formvias or
blind vias in mBatkdrem&l ofi@¥ I§R%tiod Nese patents nention well known

t echni qu'@aﬂ%]n wg_ihch vias having dianeters |arger than that of the focused
spot siz y b BPG‘EF%@@%?M%é@taduhm'g),oxﬂphywayrdf(‘exmlélt@ngﬂ%9asi ng, or
spi ral aSRs e nigues W.l 1, hereinafter be collectively
referre(?f;} G?M as &}g%c E%%?’eﬂ}cg%?ﬁt?ﬂ&ed@“m&:@ Parkages.unultichip maswbesat i ng t he

| aser o s} aclisigh-dendityr iaferdonSedt Rirkiip j I undesi r abl e ener gy

di stribution and@E&ot shape and adver selbgﬁllkcr’rptt?gthgv%?gw&lfa FWS‘P‘F?(@?IE‘EQ ng
the vi a SRAIPPRGLS,QL the ejectrgpics peckagingandustrg. of the copper |ayer at the bottom

of the Jpgp3jand i the "ri.m' aroupd the periphery of the via
caused \b{y tf]1e ng§§% o?g’%%ﬁagiélﬁ S ’P%ﬂ#‘ﬁﬁgﬂuﬂlﬂiaﬁkjlysﬂjngﬁdmye,, because
t he spotcirsiit boards,amidiybeidnniericiroma) } iRl foeusi ng optics is

i nversel roportional to the spot réy??éﬁ){ %@g??%%??‘ﬁg&%g? layerseolnoner
de{l_sityn[aggg;]&npgﬂn%d@mwnﬂfgﬂgf;mf Mﬂm&&g&,ﬁﬁm@st&m&t Q}dd ?f t he
opti cs. ) , rd discloses a method o
contoured dri| Illur?g A \Ah‘lvléﬁ(%slbéﬁ%qrgq? tosieedideyelaning lasesthasel per pendi cul ar
to an inucr@mthihmgeecﬂmgmt@fdaﬁf‘qgg' 2of : hat Is greater in size
than that of the focused |aser .spotl.n %hgﬂllgﬁ%@é%%%sf g'r?s% ?p?%ﬁtgﬂm of
the pos&ﬁ‘d"ﬁ;bof fap aresdisprssad gelmonii byanofesatfrichoinkofhafAigg 484 fha | O
art met F ng.,that. relies on movement of the moufting
arm Wi tﬂl'g? a L?Ii;%?ef%?%ﬁgeftg gﬂg{)&%hglﬁoéesr?ft’ﬁ?‘?%‘?‘e II‘FIP"Ei iralleshblingviamd, Ward

di scl os egiarpgateiyh daser aricromycliiging @nad 8% rdndePd ALY LEror. [0007] U. S
Pat. No. 5 571 430 of Kauasaki ret all.ﬁﬁhcsii scloses‘ﬁeyaﬁgglglr%dbq dystem t hat
enpl oys Rt SRERYBE £ostsAndilasrrand tanget mhigtial-spegiific opatatiap patanirelé E&dh 4Xi S and
U kg PO Lt M S o

rotatabl e about a sécond axi
hole quality vary widely.
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X~P~, ~~~r ~~rd~ ~~~x 2 9 JUL 2004 3 0 SEP 2004 perpendicular to the first

axis. The mrror is oscillated about the first axis to increase the "w dth"
-of target renoved and rotated about the second axi's to create an annul ar
patterns. Summary of the Invention [000S] An object of the presgny § 20
invention is, therefore, to provide a nethod or apparatus for quick @P 04
spatially spreading out the focused | aser spots, and therefore the energy
densi typoodf§ hiralet aeVidILOIVY REGs kAREAIPNASE mibRN 'r@'ibo iR ect of
the izivention is to rapidly )(r:r eatse georr}gtri C fngat u%?gl 1&/?]%%£tl|$rensi ons

gr eat @rodirgrelatively sofall dpet ficesusmupareder the rotf. widdR Dl hdld diatleess ofjieat of

t he :Lfnventi onﬁliés to ipprove the thro]gglhput andl or ?ual ity of work pieties
i n such! [B48¢ap %ﬂ@PH?-ngg%?ﬁé?%%%%hr? Py fop cepatipgtol spefsfeaBirg eometsss and

5, 847, S, Pat. . 6,430,465 B2 of Cytler include
descr itgiﬁ?%ﬁgarg?’ H%‘g‘?’?‘i%@é@#%e lggegisg ?tosﬁ%cnglggeﬁga&téeﬁg?éfrﬁd\}\?1?% hcqrﬁ%ulﬁ per stage is
not supgidieg "iay BOdicréRyEby eMGRRAHL Mrbdt dqBwet ﬁ@wélodﬁ"sitf?]a@&eb Ln
which the work piece is carried on one axis or stage while the tool is
carri ¢t éascribed px HeY. Raxi NooF,841 A98. biThpsretipp thetlasemiongoSiestie dwhmeealone or

t whi ch h J f ast it , d
one. o RS TEF B R IAEE o bR SR s T Rz et RPoubpURe r Hoes. because
the i ndspepgenid W.sumeerm&%,gﬁﬁm tgfiﬁ?Bf OReh¥et b SRsdrilf dyqitnﬁg%%f and can

accel erate, decel erate;, or change ection nore quick can those of
a st ackgdoyhadl faset eystenEhoentracdase outymt pakss ofthoneivah@geous pardheters i ed

on the gt her stage_, t he resonance frequencies for a given |oad are
i ncr edQ &Y™ EidF OREHAS VRS ip FaUlaye deveres adlicssoratents mengommelldamaptied to nove, .
wi t hoyt

*Commntr ARFES SR M PRI b Bk ERPT I ol 5 TRTbR R BN

pr odupeoduesp by ardphinifs adoneaafiy cirlel pro@siin OMSsME brocRsGRE. TaEat i ons defined
by the database. These sgl it-axis, nultirate positioning systenms reduce the
fast pre&piqueneiill hereinaiiat be solipstivelirireteriedrie aof contpaned sydliem® whi | e provi di ng

si gni frd tlyslRC tQol. processin [ ou ut _and.can work fro

el [OGRTL, Y URRSRGAREE PrinB IRCERS, 08 o5/ BiBH grls o RepeRictps &R0

posi t uadésHAbRYSHeAITEdiaE BulEE 8l §iibt VAR ARIRvAIENHRIES Y ﬁ‘tﬁalﬁ}h eneMalR | size
and! wei ght of the work pieces increase) utilizing |onger and hence Tnore

massi Ve sinagdipperdhe dagyenal mpltiog iod ¢hesedppexclagat atithe doitakntofttioe efaf endi vel y
spread out the energy by large geonmetric spacing between the |aser pulses
b G PRt B Gt gl Beavas of BREQY coued by Tht Sag of molfen | o)
~ g - cofper 2004 e A MirFER 2R 420 | ' oys,
t her e]g%épee,r a égstr értéserulgngﬁ]r]élrgf %gqaugéagﬁgg@ssg{%?lg%@%% rlncggﬁlly controlled
m r r ocollimmtinp ent éammspgtdptico isciandrsely usportiomal go tieespoasiee ilpastingrnthe hi gh
speedé??res ri bed pattern about a nomnal target position to spatially _
separ F&%Y Hie ROytes Sebsiyamiied fhths qpains Aweckly excesdsiihefamagssthresbpléd ofithen rat e
and tgﬁr&by create geonetric features having dinensions greater than those
of the flo(:used | aser spot. The invention permts a series of |aser pul ses

at a [00eh rePes.ifat.0Nor 41161997 JPNEad dsides @mh@Bodbf taft@aed diifiimt gr pul ses-
at @ LV%\{\Slra Pegls ?serorta%éde w\i,\gh}nhf gltané Bgrpggc?igﬂgy ?ol a!u;[ chg)dregga Ilager;s be%ilstgczlf?;c?g wth
target area that is greater in size than that of the focused laser spot. The lens rotation is
independent of the position of the supporting mounting arm. Ward also discloses a prior art
method of contoured drilling that relies on movement of the mounting arm within a plane to
effect lens rotation. In the background, Ward discloses that the beam may be rotated by a
rotating mirror. |
[0007] U.S. Pat. No. 5,571,430 of Kawasaki et al. discloses a laser welding system that

employs a concave condensing mirror that is pivotal about a first axis and supported by a

~ rotary support member on a bearing such that the mirror is rotatable about a second axis




wor ki ng out of focus. [0014] Additional objects and advantages of this

invention wll be apparent fromthe followi ng detail ed description of
- preferred enbodi nents thereof which proceeds with ref e REREACEMART SHEET

acconpanyi ng drawi ngs. Brief Description of the Draw ngs [0015% gZIJth Zmlfs a
partly isonetric and partly schematic view of a sinplified |laser” sys
i ncorporating a fast steering mrror in accordance with the ~ ysrgsgﬂbz
invention) [0016] FIG 2 is a partly pictorial and partly schematic vi g\%of
a fast spewpendigulai tortbe firgicitisni Bl @irpdrdy estillited Mouk REfirsB gt ?d*ine{ea@ ﬁ‘e 1
[OA ?a FL}%ﬁiC}tﬁ”iP? a Rartl sectional and partly schematic view of a tast

o]

st eeri ng &FPS | T9lAkedt about the seqond axisge createm ainulr@ardrm. [ 0018]
FIG 4 is a fromng Y RE k;dast steering mrror denonstrating how
mrror flexion osttion of the laser spot. [0019] FIG 5 is

a conput E008bdel Ambbjact aftherptesent inventibg by, teké¥Brek €6 prdvadd™ R | €
enhanced.PR% no emen%bgf an. fast steering mrror in accordance with the
present PPRASTHET 4 QUi epatigily-sprsading auﬁbﬁglﬂ-‘&qd lassd spoisf argrtheveforpltke y Vi a
dri | |'i ngefdrey dbmsi pgpﬁggqi e n fast steering rz~irroa~ in
accordance \%’th tl?e pr seﬁé}xﬁngggﬁgl?%%r.ﬁgsec?ai | ed Description of Preferred

Enbodi meR008D02 Anotligriobjeet ef thedaventiofisGo ripidBitrexe RRb@E; %ﬁﬁgﬂé& ggﬂh of a
| aser system 10 of th r senth nyention i%cl udes SWi tghE: , dio 8- punped
foan g of

(DP), sof "SRt Ere@ss 1¢ foshisedrlages spasi y i ncl udes a solid-state

| asant . 10] ed peanaRe ] I: o ver unpi ng squrces_ocher

t han di oaﬂ(gs,] such as a%%tégﬁgﬁ‘%ﬁ?gﬁngmgﬁﬁﬁ’g?%e %&@-@a&@ayorr@aﬁmﬁﬁ ng °
- di odes, werkpieeasyin such lasdremachéuing Gpdrativtls. pUMPi Ng neans recei ve power from a
power su (n sho se ately) which may formpart of |laser 12 or may
be posi t@&hﬁj sgéygr Ef‘glri{?s' gﬁ”é&é%ﬁﬁ-%@éﬂ@[@@ﬂ?ﬂh@- ent Hp$.aPag. Naser 12
provi desé 230465 IB2adf ure 4 It f. one or nore |aser pul ses
having primarily a TEl\/borﬁg%gc%c%is .?flﬁ)ge 8?%%&%?%?@??5&“?%’6‘? Wtk hengt hs
f rom aboW#Pe1 SBEh drmatsepRorted (byind mowdindepAdAy TromCihd UeweritgeHnd iR Ot

limted : 4 .0r 1.047, 1.03-1.05, 0Q..75-0.85 mcrons (-, or
t heir se%glr?g h%ﬁ?#kd& g‘fe’oﬁr 1ed (qn gerax(s or-stags While the gl ipcarria on\lthegﬂtEc?

Nd: YV04, axtiidor/éifke. YDhe¥Gosilbnink ﬁﬁaﬂi‘ Such har.moni c

wavel engt hs rrgf/ki ncl_ng?ﬂggltﬂ%rse notqﬁﬁgégﬁ@égﬁ%vékﬁﬁtmcgﬁ%ﬂ# as about

532 nm {TPBelarfess pesitipnesd andican@peess Shie oNmaiipbeIWORC pickdsi sghﬁ%ggﬁsd\gx%, 266

nm (fregien o Q{L | ed \Id:gﬁ(i%, or 213 nm (frequency quintuple - YAG) .

Lasers cllg"ag% %&mﬁ%@%@f@ 5F QeRIY FYBROERdCstagsF leachamy less inkitial ed

practi timasrand chiehdeletaref deBRrA SoFRhan% difsfibn Eﬁ%r@é‘s“:ﬁ?'% bed, in detail in
ap

U.S. Pat. No, 5 593 606 of Onen et al.” An exanple @Rthese gtaser 12
i ncl udes ¥ XRbiage ystrmy Thep Gerause fhespisd ofpnt st isence cirdlonahé 6hePfge,

e 1 g2t o CeRe R for el e Bt B Bhenmoge st st

LQSLB?LE;@?W&?Z‘?%‘%?:? Ry SRpb R Ay S o

2002/ 01 niRg cgpmagd sata whilex¢oordinatingsheid indfwiﬂmmfﬁeﬁn%gosiﬂ&g%o [ 0023]
Wth ref : : tput 14 be mani ted b i et
of vl | PR ferhfbriiily subions G0 SHHRES it sty fatins dpBmet osie Satba. o ¢
posi ti offddseasplingxis camrratepodibiohiaf @y Redtedtcdiihe $5k $8sil¥nd rifVeb&se O

beam di .ecti.ngsrc onents 20 (such as stage axis positionrng m r%@%), f ast
steeri ng‘“HFPP OFFEHAT S¥PFIns Athdlc paaviding signifivantly Berdased-ivobprogessir  Of

gal vanoggbe. Y e W XL S ML ILOrS f. beam positioning system 40.
Finally, Iaéshggfth)ﬂuct?put ?Ll}n?%rxﬁ)gggsﬂe%d%%M&B 8¥$ve lens 42, such as a
f ocusi nfPMH2] t elkhmmghisuclsmaksrp%siﬁbﬁhgﬁgstéiﬁi %ﬁg&ﬁ]?ggsﬁlfd'&?ger system

p .

out put beam 46 with | aser spot 48 at wor iece 5 preferred beam

posi ti ofif §A55 A g oyeall size pnd waighhofrbe aiork piecks HereRed, util¥ging Jorfged . 585 Of
Cutl er gid Aénce Miie FBYilE e E error correction nmeans described in U

S. Pat. No. n6?430?4653132§%ggm‘@_?§?¥ “%85%%0%!%%9%%%?@%%& torsthotipelisf er abl v
enpl oysspread anshaciengy by fayge pesiduio HricidgRiwdhahe 1R8! MuGent fu%h i | east
two pl altelfll)gﬁérg ﬁ,r stagea)s@ét and 54 and supports positioning conponents 20 to
target a JtUseREs dem out put beam 46 to a desired | aser target
position 60. In a preferred enbodi ment, the translation stage positioner is
a split-axis systemwhere a |' stage 52, typically noved by |inear notors,

supports and noves work piece 50 along rails 56, an X stage 54 supports and
noves fast




5 ~ o0 sE~ Zoos positioner 32 and objective lens 42 along rails_58, the Z

di nensi on between the X and Y stages is adjustable, and beamdirecting
~ conponents 20 align the beam path 18 through any turns REPMAGENVEETr sifrppd
FSM 30. . A typical translation stage positioner is capable of a x@l'ﬁ-ﬁit% of
500 nm sec and an acceleration of 1.5 G For conveni ence, the cg i i29Pk
of the fast positioner 32 and one or nore translation stages 52 ajq]
SEE dons

may be r ed iLary or. integrated positioning system [0

Beam posﬂo?{%i n(::jIt hgfggsee%[ %hﬁqﬂﬁl{x@o&“tﬁﬁe S Stﬁw%qraﬁwaspaosi tions

60 on t hplezueleetiallgichbheo et mEirérC %gtﬁt@ a{a%, ) tq.effect .

uni que or_dupli cat ?ve_ pr ocessi ngli%glgr at 1 ons anse %ﬁ@:‘?ﬂ‘@?@&%&* {pegm in

desi gn dhhigh speedepresasibsd pattert abouta hominat target Qositibh ¢ %faniauy S‘é;ﬁﬂté wheof 400

or 500 %?5%8195@}?8@#? cel er a{}i &n@f 300 or, 500 G _and hence "t hese are al so

the typical capabifi CIgPd ata ﬁfﬁeﬂ?epﬁ?’é@?%ﬁ%@%@)tﬂwblggomkem An

exanpl e fcﬁtuecsmae{ngrcﬁﬁﬂniiéﬁegreﬁﬁéﬁ&ﬁﬁ‘tﬂ&eto?ﬂet fb@ﬁ%ﬁ'lﬁ%{)%{}' 5 fo Lhe
ents 1s a

above-descri bed positioning system conpon nyeptiop system
or ot herRETIS aiseriesepf laser ata given répetifibe cdte o Gejeanid 4 b&ridsfYsiohs €S, | nc.

(ESI') ing: n. illed.persons will appreciate, however, that a
system vrxgh 5&5{5{ %‘Eﬁ @ﬁ%%?%%f#‘wﬂ&ewﬁﬁim qpality probiemsy assodiatedfwitled beam
posi t i onworkindlf &t oftfedusonary gal vanoneter for beam positioni ng may
alternatjvely be enployed. [002F A |aser systemcontroller 62 preferably
synchr orf094 thédrlmonaéohjects asdadvhBtapes ¢frmisrmvénﬁana¢m$ea@§§re§3ﬂaﬁ%é4 and

f ast po%fléﬁfﬁirde%g@r&p% nnerf \é\%l (tnown o skilled praCtitioner s. Laser
system cont r oFl er CI%W? SEHeT et smpgdimgnts dkareof] whigh proveeds wither 32,

st ages S2feasite 3¢ the RE6mpdmsing ik controller 64. Skilled persons wll

appreciate that | aser system controller 62 may include integrated or
i ndependent conBFisf Desgripfien ofghe Brawings ol and/ or provi de power to any or

ocat e WOE 1 oERS F REPHEYoribite anf bualshemeatchiew od s simpsiaddaseront 1 ol | er
SynCh Okl Mol b33 2ol SorgRento of post L1 oning SYSESR S, o
%ﬁfee[)ra?g{gﬂ?ss“ﬁ ey Yook Tar Y SRR el 3R B Tiog e | 1 o e

subst an R egplpyed dg thentesegisystem|dfiFiG; 1. i . e., via formation, in a w de

vari ety yoyigyet | Gpicdi trie, .and, ot her, material tar gets that may
exhi bi t [di fﬁr ?r:mltb'g’p‘tsgc%l”%ba ‘é‘%‘?&f%ﬂ%@mmr demopstaiing h08mirnsres hol d,
or ot heflexinacam affedt shé positich 6P ISEsHop, UV or visible light. Exenplary

par amet @{Sﬁﬁif lfﬁﬁgr system output 1 nclude average energy densities greater
than ab 20 it Pd3 8 foeputer mgdehotanexeriptarg rsuhipht ihé REPFIORUinR bRGI

. Y ) (~]
preferapdh)énggdqﬁx ~cJ: spot .size diameters or spatial  nmjor axes
of less than a o%?v%&jgﬁlgggﬁg si?F’éE%F“&‘BP&‘“f%?ﬁdmthm present inveindiori cal |y
f rom abi020P0- FIG-611s a @ompRe} idddelof 5 eﬂ’hﬁﬁg’ﬁﬁ‘tﬁﬁ%itg?%g?@?% 1 kiglo grertz

(kHz), ]Bref er ably 9reat er than about 5 1c

hi gher PRYFOSH Of 2p fash Higering\anmpr ingichordandecw b the fresent Bivedigut | 50- 2000 nm
mor e preferabl Yy Re{W5 _.A...o“l‘ 3 run, and nost preferably between
about 266 nm anu z — mt ers of |aser system output

beam 460828 seMéith sdferienceto .rmh kQmb]l in_ther mal ge
effects %guti lizing tenporal @Bul sg V\Agl'? st %?&lggtggftsaﬁ%??égys@ﬁgﬂ %atfggt 100

nanosedJ S BysiuonngludesQeswitshed, fdiode mimped (DP), wlﬁmsm%qajepqh 4 100 ns,
and nor. eﬁﬁ%ﬁ;ﬂr@ I QT t..1-9Q .ns or shorter. Skilled persons wll
appr ecilgt e tHhat tdégésglgar gtggettiﬂ'? t'vwgk’ﬂeq/3?§°%Wﬂbmrmat9,phdwn'vracpuhm’mg he
mat er i sowtces bibepthan edcies, sudhds bhaynigh bfcanspt [ be used to
process,.dj fferent target |ayers. 0028] Lagé#@steﬁg%me@m%

pref er ;915?‘%?%?8 ResOTL ROy prsipnakpusiiping dicanseteetive bowes FoiBHoyd@hpR5- 50
~. M at (haaibRaSkdratlyd YHich i , t hough, spot _area 48 and

di anmet er generaf:‘lsy refer tofﬂ%"/;egl fﬁ%@@&?@z gs’B%EP% psjigpedisepasaislict to t he
description of . laser system 10, these terns are occasionally used to
refer to the spot ar ea or dianeter of the hole created by a single pulse.
Skilled persons will also appreciategthat the spot area 48 of output beam
46 is generally circular, but may be shaped to be substantially square.
Skilled persons will also appreciate that output beam 46 can be inmged or
clipped of its wings or tails, particularly for first step processing, if
desired for specific operations. [0029] Fig. 2 shows a preferred enbodi nent

o R A SN 2 1 ) o o, N 1 1T a




7 A ~P~, ~.C"'"~ 1~-T S~~T 0 AUG ~O. ~r~ 3 0 SEP 200 not require permanent

pol ari zati on, and provi des useful nechanical activity with small electrical |
~drive voltages. [0030] Exenplary PMN actuators 22 have a linmted i

di spl acenent of about 20 microns for a 40 mmlong cylinder of .?PIUNSEﬁtg]maI

but have a very high stiffness of about 210 Newtons per mcron for a S mm

di aneter cylinder. FSM 30 is coupled through a flexure to three PWN

act uafopns) 22 'I'"lfévdx@ﬁlp d# ttas@wa@ ar\n@aga@lmaﬁlc gy BéiérAtad ofsas ottpmambremt@w ng

its center aligned wt center 24 of FSM The second éends of

act uammtsrezlzsaqmlmdnhamgqmimanlg @uUpPEMo spatia rmmdjar‘;troﬂtie~ Preditrred taaerhes t 0

X-axi s transla i on sta 54. The three PMN uatars 22 are preferabl

i npl eWRYREgthsnirgmal a&b nafoneieEes §IH too%mub%fiq PEANGIHG BU6 areet imite

2- degy.e f e Int t tors 22 |
et B SEE AT K08 0, 07 P8 ehrdis\(ui pr By DS, B, RSP |
el ecter fifth hyroeddicsufrber Rafy 2G| WddY LFdNd: YWOe, NBregP a¥bi ¥A G, @9 TerSapphire

Activati n% a regl on causes it to expand or contract) thereby t;ﬁ[ﬁ)l ng or
tiltilaserEsiy ﬂl@ggql}lc Pra¥elengibh ynay Haclude, bt éte RqtilEpigadelon #a velengs des such

uht crBH AR epaResdin SrafihEng e B var e ts b GRANEL SpfENG A Rher
Pr 0f exgeeiin QR QuiRy uRliepRaTh M AG). 30 289 N PR Hnhiha &Y AB) exenpl ary
uRepS e £ X

FSM 30 rn<ry provi ypi cal range of navel hat Iimts the pattern
di nmenksasers Ibanqohatrmoahogﬁne%loortecﬁmtques Iazfswt:lhkn@\asm slsifjed psacmepnetmwever at !

i i (DRI OF PR PRIy a0 Q2 b FEHOPBIR SRR oS chBulo1 5 DPrg the [aser

SPOt §{gf et AN ééd%'n‘gﬁ’éé b¥a PefEHeoBI 5& ﬂ?:*!dﬁ%aﬁ\@@dél ?@rUWS‘Bb? $42£ so1fSM 30 |

oper ates at hi gher que cles and accelerations t an exenpl ary

gal vasnobiherawd Eleemonies obMduitairaXiew,Californsa. ofkillas pefsons wlloappreaﬁte An

exenpl ar% FSM 30 of the nanintegrated positioni n%é;yst em provid

vel ochel ger@ﬁmgm@&taé@th@hatﬁtableowavqt%ﬁgéltsaraﬁanwl awplablce naﬁlucéﬂég §Beti es of

4, 00 C I me t typi cal
Qo B SE QA BhENeD, LBLC AL S bE kol daToRy ERENMIELDEL e 6,

i nt egra ST ONT g °syStem AR exempla egr at ed

posi tlagiif@isSSéEi tprSJ\Pad eRu e | 188 200058347404 Paf Bluntiiaét al, fllisednd may
be capabl e of accelerations of 30,000 G or greater, which are 50 to 100

t i meson Recemehes|les aﬂ(i)?on of the typical integratedl positioning system

003 t 22 h t 2.0 '
oor 300 P o K Blenef IEFRY L el Bt {80 s el RN R iy g
| MpedaaEendin 5ptiédzmc1@agt caiSexPufder tléﬂsec%n@pm@ﬁt@qéqﬁatwé b@ﬂhonéﬂ alépg Vol ts of
drive. The exenplary PMN actuator 22 driving FSM 30 has a | arge- si gnal

bandviedtnhpayin &8 tbefore bamgalicated Dykieyiea of bedrh-dsiegmeg c@nponents 20 (such as

stage axis positioning mirrors), fast steering mirror FSM (30), and fast positioner 32 (such

as a pair of galvanometer-driven X- and Y- axis mirrors) of beam positioning system 40.
Finally, laser output 14 is passed through a objective lens 42, such as a focusing or
telecentric scan lens, before being applied as laser system output beam 46 with laser spot 48
at work piece 50.

[0024] A preferred beam positioning system 40 is described in detail in U.S. Pat. No.
5,751,585 of Cutler et al. and may include ABBE error correction means described itl US
Pat. No. 6,430,465 B2 of Cutler. Beam positioning system 40 preferably employs a
translation stage positioner that preferably controls at least two platforms or stages 52 and
54 and supports positioning components 20 to target and focus laser system output beam 46
tt) a desired laser target position 60. In a preferred embodiment, the translation stage
positioner is a split-axis system where a Y stage 52, typically moved by linear motors,

supports and moves work piece 50 along rails 56, an X stage 54 supports and moves fast
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3 0 SE~P Z004 bandwi dth greater than about 8 kHz, and a deflection angle of

at | east about 4 nRad for deflecting |laser output 14 with about 0.5 mcron
positioning resolution. j0O033] Skilled persons will appreciate that argpp 200
ot her precision high-bandw dth actuators could be enpl oyed for m rQ) lt
actuators 22. FIG 3 is a partly sectional and partly schematic view of an

- alternative FSM 30 along with sone exenplary control circuitry 70 of an.

exenplary. mrror controller 64 for mrror. actyators a and 72b nes
ool | ypontiongr Soeed 8Pk Srershs Phatoth G nd EdiBeite boBPAt R AnOEe b
devi c Aat 4 - _ H ANIREh FahM 30
resul f‘s ?ar‘%geg i%%djgﬁg? IFin%ﬁ%egglsgi?%&?Engﬁg%l%m%fb@laggztrﬂegb ;g?l?m QSF gu@%egmi&G

t hat aatsdetseml lasaHargdFSM 30hé\ typwiat framslBdnotagelpesitiaser issppabld8f at t he
surface of work piece 50. FIG 4 is a frgqgt?@ vi ew of FSM 30 denonstrating
how mivelQsityfaf SPOGAMEER aa¢ B decalHationef | Oda S6T 6pnYeNencesiBE COpbination 9fnp34]

Wth rgl ?{s?ggselti&%fghcﬁd che M 9n ke t#a slﬁﬁor%tggtﬁl ' Ind? 9@&{52%%ﬁ§{%’%§y&% PZT:
m rror actuators . one corner "of a generally rectangular I's

: anchoraelghhgryamrm@&ge@pogﬁémﬁggy@erm'th a flexure that can flex but not
conpress or stretch. Two other corners of FSM 30 are driven by the

. pi ezd802%t r i Beainrposioning Wateor 40 pamirickomoyemen HEBYESE RIBCEPABLiRes t o

i ntrodyce snmall angl.es int.o the beam path 18 that .cause I s in
he. belhin B s Prauiresbe Tetichoosds B8 PrafesesddsiPtPTal BtnRalges,

est ab'ﬁré&%gi#g%geﬁéﬁ%hs ERERANGRD Fided (REFARDS ddDNAREEMPILIAD pobiPidHr | N a
preferred enbodi nent, the sine (a) signal 74 drives the pilezoelectr is

M rroris aapabdd of a selé2ity and0X @b50hmap parsindeandiceeletation ©f 360 or 880 &3.aandangl e
change iri one direction, and the sine (a+90 degrees) si %nal .76 drives the
pi ezodieaet these arer e thedypisalsapabablies{pnaxsmplary prerated RESIHOLNEHY S si ne t o
create I t fi I g) he | aser
out put A8 4P B ROEPRE st i 1A Lohlihs b o R eBo ANeRRed N0 oer

This gﬁsmidnsng' yseent berBpeneRBlis arMadel 5H20 Weeksysteni acethafd ieritstdeeiesmal | angl es
i ntroduced by the nmire or novenent are converted to position chﬁ%ges by the

scan |maeufactureigosBlectre Scieade Ingustries ngcoderaty Bokland, Gregoar r¥dllghj ecti ve

| focal length | {50 . nE i - the FSM
30t o g Efebstehed SOV 8 L hi i G RIEREY el B AMEE ERT, <"
pr ef elr;%ambnln?gsmt DR B pSGRom bt/ ongtakisHARE gl eicnetabioy begmpdsitiumigO0

ITITTI°, when the Z stage (hot shown) is at its normal focus height. In a
pr ef ermay alteraativedy b¢ empldyedFSM 30 i s nmounted up stream of fast positioner

32 on th stage 54 and replaces the fjnal turn m.\rror _of ; :
converﬁ)pgﬂ:I lﬁa%ﬁ?rp%?feﬂ Bwtﬁ’éleé92?@%&?8{’1%8@01&9&257‘ e “é%B%fargr%ﬁI? 8 30 i s
adapt i | 1sdst 5 8f $ nAlferOvell REGvn téstitted ~ ~T~"

~" ~~Eq§0%&59p%§%efl%g%ﬁg%Pﬁi§0%§p?solst%b'?%%is% gysterm;e40, s?]ch als.e‘enpl oyed in
nodel spra2fibners. SB@r spsterh @ohmeléat Gyis Ehawen geneSichinta eongral feny positieser 3hc. of
Portl and Oregon, and can be easily exchanged. for the fipal turn mrror on
the X 185609 294 U 1ashbbrinigral qoRsanerdiis  Sked Besphty ] aPratiats, iihy

appr eci t Jot-d o nount ed
A e (R i DT e i

appr ecioat®l hhdbr padvidiisoweaabnal oghRof tikye dstrecomponeatsyandahangptbyed to

control novenent of an-FSM 30 i n two axes about a pivot point, such as
cent ersubdystaFheney theapmotelyylosatel YathursepacEitslasty REM EbIodsT 821 LS8 e

mechani sm and voi ce,coil_act uat or ez i at: upon
def or nﬁi’theBhC(BI’tmgIeég%@%QdF ?é%{:a, ?Béf’%l@foﬁgggr‘}q(g‘%ﬁ%g%‘? lg?ﬁ}l% N uégcﬁgxtg’gl? fst a'ir}glltegr i al s,
and pi 8ZRelRA! hhE sedr FERsAdY, 6F FYRI 30, diePlRedtly cleindlrgetyheirsugl ace of a
mrror :Exenplary voice coil actuated FSMs 30 are described in U S. . Pat.
No. 5, 9dtor&htmileBakers weltlacemtivds ajapmelronzation kithtlaser gR GrrcofiRmEnss

Cor por ek ROGnERISIN 01§07 CORGIIaS b SREVAIES ebFRLF R FRh MRSy e
Cal i f Oﬁdﬂt%ﬁp? ?Hy?y x%féﬂ'e%zt%ealfsq}cié §éc§1clj@ag§// %%@ﬁin&e%rﬁe@@@ﬁhoxﬁné%95@111. ra- Fast

Pi ezo tform manufacture Physi k T nstrunmente ("Pl") Gibl3 &
Co. of [0dar] sr ulte, patenemyof a0 38itemmugpp beamwibans s¢locted imfdcditald | aser spot
enl argenent, the |aser control|er 62 copmands the stages. 52 and 54 and fast
posi t i srangallyFlephesenpgniigh QIltl]é’éI*gpbgi’t"i‘ZI)EI]I%@t“:%@rs’t“e?"rw‘ﬁv {d%%ra{)xle]tyo rgetatiic,

predet erm ned tqol, p . ‘ L3 - g: [ r ‘hpd M

o 11 g And ,OﬂIa‘I?Il'%ele?IZ*I%QIS?E%‘%%W‘Fg‘rf%%ﬁ ey kb e s Fswm
30 to nove the |aser spot position of |aser system output beam 46 in a
desired pattern, such as small circl & or oscillations. This superi nposed,
free tanni ng beam novenent or vibration distributes the energy of |aser
system out put beam 4b over a larger area and effectively makes a w der cut
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3 0 SEP 2004 desired patterns of novenent of |aser system output beam 46

during particular |aser applications or particular tool paths of the
.integrated positioning system The FSMeffective spot pattern maé&

sel ected to have a pattern dinension to obtain a particul ar ker %531,2004
such as for a trimmng operation, and/or may be selected to inpart a
particul ar hole edge quality, such as during a via drilling operation.

Ski | | [ S0NS. M. | reciate,. ers; that.the. mrror controller 64 can
be di rﬁ{e}gﬁ%ﬁ’par}oogtﬁéarr#}é%%?g g{ksﬁ%lelf”s@%ﬁé’ogg ?{o\ﬁglﬁggbghtt'o 8‘8818@’?& e with, nor
be cophraalei@ of MsegRient bephemelude andragd bigPdensittid4Pdatdr HOARYEAT 129 aphi cs
nodel was devel oped to show i ndi vi dual placenent of 1aser spots 48 at the

wor k suefodewdes gdlmeanged pwen the htdm speisirem \peefierablyogreESMIBA 290 P Epact uat or s
as descri,bed above. FLG .SB is ter. nmodel of an exenp) strai ght-I1ine
cor Fap AR Stk Mo Bl et GRS AL S SER ImBRREE, Wi t h

refer toaF apl g : ) ters
i ncl ugg%%};i %%Ft&%?a IQ%SWSO%E%@?ggngg%)%e\bgltﬁ%f%?%%g)ﬁ%teggﬁ E%ng?l i near
vel ockilyHétrh@HB! preférablynmbiter Bikatbng ki, uindrmesa i eferablysevepMiiplerats®ss t he

wor k surface) of about .50 nm sec; a rotation rate (the rate the circular
pat t e£® kHz; apd atyavglensth piplsuably bripeen abeustlaP20R0 apt. imergreferdlni amet er of

the cj t ter. , ~ i nsi
o aroP SR R EB D2 bl S o BlertRBPL Plor B o la B g%
ci r cupferpéed pahmMEtets Of lagdrQybtedlourfitibedin 48Uirs iselectdil R4 afterbpf¥@ end di amet er

of spiral pattern (to center of circular pattern)) of about 150 yn; and a
nunbefirafmygpt certaip theemaliddyeageotifactst iyt wtdiréngotemploral pplseavidfutthagrary of about

2. Th del sho at_in order.to support l.aser se rates in the ISto
20 K9 Pangten ot Parsrkelts Gio L eirPRERY SR B RE O Er B Sl es 0

r ot at k@he | shadsirREel bty froRf At 30 RUISEORYET SRed bORMA] Wil Liipikelafs ence
again to FIG 5, rror-'enhanced straight-11ne pro1§| e 82 creates a kerf
wi dt hth@dthicbaparameteas gélt vatyaandtdae bs pptindicdrfot dre Bfterfl toltepubedssadnadd. Thi s
techni qu ermts a kerf wider than the spot dianeter 86 to be formed in

fevverthﬁ‘agg CRMPRTAENGEES MRy B YRgd A0 BIQrARSHFIHETSG! BEESLIRXETaNd ot her benefits of

1 ° i IR 28PCUSCRE OB oABRM & 46 pferetbi b ERIBHOLR 4b 08 RRRILLD R CD! oS
be belonthahhbokxadtds0 dinhatbepalidsitione® of workspietasd. PohbbglonRt aré48 end hi gh

repetition rate applicati 0{15_ and allows the fast positioners 32 to retain
si npl Eapstsr wZeverp Ay Tefen enb/at dimessions taspersallyawith pespseido e deperiatipn 9at t er ni ng

t hat I th i be r iLred h t he ff t he bpattern

v delfvetsts@ruth g Terds AR Eihely yh B RBF b Bie PGt s oy HARELLSELS 5004
[ 0042the hbfe créfled By aQMRIE plilsEDER]le@fpeone %eMMRlsBapprecitd afHaGpoPhfeal4st ool
path 90 (FIG 6A) enhanced by novenent of FSM 30. Wth reference to FIGS.

6A anef @BpYtdshinetht is\gehgrally Girc@lpr, tuheaydearepast o herrubstdetially @RErof about 15
kHz; . t size about 15 ~ | i near, .vel oci.t he rate the small

Fot acSHEEE berdufar ey Birediate ol Pt @6 e Warbeed AT il oout | 30
M S6gined of iRt bAMCHRHS Of Nest sRPSrddr8sifs \ ¢ HbaledPBE bHLchrid 5%)61‘9&@{5& ng) of
about 175 kHz; a rotation aptitude (the dianeter of the circular pattern
(to c[eazer ofFipehsowsod peelfoutd @Obedimpentarf annssMe3dthanistpesitiohéxk te teetveng

di aneter of the spiral pattern (tq_centér of circul ar pat%éarn) g of about
10 ~, IAterantRGtid; Aeflest driptoueh (ash odHONG S4mitra e POIEHYEAENH A {LRAATEFD cent er

of ci r . ~ 1 ro.Qf : nunmber
of 1 S P8} WEfEbicte 30 B8 butete o BCEEH SuRMTRSIeR (i Bmilg. 1
or derort @th&UBRYS mdcBERie Miplisetidel M IB0tiR@rekbrably itplddented anpga@st of ar ot ati on

rate of 1 kHz to 2.5 kHz (5 to 15 pulses per rotation) is desired for a
pr actliaied geflesdionbeamn Ositippng Jfage PSR PEFESITietifs At AkeTs DaWdlZodi ng a

Q swit.ched. COz | aser system 1 nd.a P F ] aser. tem 10
oro! oPEng Tamens BEbo Y B U Pt B B s doMae HiaRaRa b FhaoRkR 50

osci | depffit dchftdranfbrisly sh@MOeiPHagRaam 4bbate (PMNYL. Rtdekrs 20 thht makes one
conplete revolution as the: hole is drilled, and the drill tinme takes |ess

t han taBlate meltage[i00443platetient. e PN meriad igi@ilas o thebhoneccowipoti s f or ned by
sequentially. directing |aser system oufput beam 46.having spot area 86 at
over | BEBHRS oM GUOTS T Bh At Bhae gt BEISHR HPLer o, The Hegtp s ianica

Per | PYrsi FPAFLRRcY, xAILES B0 bYe RS th e AR ALANAL YehBl:aalRE0. d@gal | on
at a ébglegﬁl@u%ﬂlcﬁc nt }‘por sylst e?%r%g 501 d@l ?ver tﬁ% erllullr)}:!l')rer o% eam pul ses
necessary to achieve the depth of cut at the | ocation. As beam 46 proceeds
along the spiral tool path 90, the target material is "nibbled" away to
forma hole of increasing size each tine beam 46 is noved to a new cutting
location. The final shape of the hole is typically achieved when beam 46

o o o o o, " ~NrN A o o o



REP. f . ~
wi dt hs
desirab

~~i~l"~"f" ~~~" 2 g J~JL 200 ~ ~ SAP 2n04 kerfs having dianeters or

a;> large as or greater than 1 mllineter (Wy ql so be
le. (0046]j An alternative tool path to form A SCTNAE WS R t 0

start at the center and cut concentric circles of incrementd )yAlgon

radii d
i ncr eas
greater

easi ng
efined by kerf width 84. T he overall dianeter of the IE woufﬁ
e as the concentric circles formng via travel in a cinc |&EPpﬁmh at
di stances fromcenter of region. Alternatively, this process my

begin biodledquire Perrhulient Bolnrisflion] R FAIR0ECA-ALAREPRNTy Wifh GHAPS t oward

t he cen
and qui
al so be
t hat ei
nmoved r
both wo
Sever a

di anet e
UsS Pa
t ool pa
Du~asky
will ap
process
sl ot - Li
al so ap
t owar d

noni nfe
the spo
wi t hout

ter Qutward spiral processing tends to | huous
clestricahdrive seleagasric circle processi ng; however, a blind. via can

10690, 05y OB B Lk S S et i
$bra K0 enrh dodgeylivder 6f PMNOatefigl, MubBive d Verd bG8 ﬂ?hi’@ nt,
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pantern dimensijon to up to about 25 or 50 times the laser spot size; however, at the

maximum frequency response of the FSM 30 may be a more constraining limit that limits

the partern dimension 1o up to abour 15 times the laser spot size, and typically up to S 1o 10

times the laser spot size. FSM 30 operates at higher frequencies and accelerations than

exemplary galvanometer-driven X- and Y- axis mirrors of fast positioner 32. An

exemplary FSM 30 of the nonintegrazed positioning system provides velocities of greater

than 1,000 mm/sec and may be capable of velocities of 4,000 mm/sec or higher, which are

5 1o 10 times the velocity of the typical integrated positioning system. An exemplary FSM

30 of the nonintegrated positioning system provides accelerations of greater than 1,000 G

and may be capable of accelerations of 30,000 G or greater, which are 50 to 100 times the
acceleration of the typical integrared positioning system.

[0032] In particular, exemplary PMN acmators 22 have about a 2.0 microFarad

characteristic capacirance, 1.0 ohm DC impedance, 17 ohms impedance atr 5 kHz, and

draws over three amperes of current at 75 vols of drive. The exemplary PMN actuaror 22
driving FSM 30 has a large-signal bandwidth greater than about 5 kHz, a small-signal
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1. A nethod for laser machining an effective kerf wdth on_a work piece

with laser output pulses, each of the |aser pulses having a | aser spot
diameter on the work piece that is smaller than the effective 5 f. W dth,
conprising: inmparting, froma primary beam positioning system gd(iségrﬂﬂﬂ‘l
rel ati ve novenent of a |aser spot position to the work piece at a first set
O limted velocities anal accel erations, the primary beam positioning '

bost ¢ PBROGHE REHeD cRTcASEs Hhire nt # AR Re B anel v Savihiiet A ke P
Pri Mar e BRG lQéé?g)ugﬁﬁlﬂ;wiﬂ{‘qudum.Silﬁlglzon‘;?’o@ﬁ?oﬁilﬁer‘é%mﬁéﬂ beam posi ti oni ng
syst em posi ti one ong the beam positioni ng pathway, secondary relative
nmovengeo3f t Beilledpersoapoill ppmetia@rthitany fchenprécipbe bighaband wsdb aithaset  of

velocities and accelerations that are_substantially higher than those ----
', of conld bg graploged for mmigros asAWaY 92+ &lHt P Vo2 RBVRSRECIE ARG PaNer i nposed on

' of coHd i sl b it PEiie
i mon St Bt ElrNE TRAEPEE PR p AT PR RO Ry 0

or equdlexbRppReWiirrbd chhtidifer Aol afRbr Qeitort ZRarind P bt(henpicalipryirand
secondary rel ative novenents cooperating to provide the effective kerf

Wi ?E h,acmlg@ngﬁ)_nevmd} mmrre]fmahhj/ pieagglegseie-ty pet ®iT) idsvigendhatl arg empleyiedits t he
pattern di mension plus the.s ol ter. 2. Th t hod_of cl aj i n which
Bt e 0B et Bt BEFoPL I S Tl SRR e Bt el v e
accel Sy Bl R 4d B o800 ciingN8 OG0B0 6F BicTasbrispots ah the
second”set comprises velocities from1,000 to 4,000 nnl sec and

accel enakirgans dfrvork bide G0t oFI&D 4000 foontdl: vidhef RSMIGEH demopbtaatmglhdw whi ch t he

first set conprises velocities less than SO0 sec and accel erations | ess
t han Swigrag flesionreaa afiechdg nosition SOAf the ﬁSWﬁPBH“ ‘he pattern dimension is |ess

than ctQOféﬂuva I\)&E’:@l Feﬁgr%cé 8 Ifj]'d?% 438 A ss rexérﬂ?l%g%ﬁﬁ@&iﬁ{eﬁg gmpl-g?gleg”PZTOd of

claim € 'secondary "beam’posit1on system si gnal

bandwirgirboraiceatdes 72 hame afrger of dieraldeaasgmbl FSMgtals dnaheketido b gr eat er
than about 8 kHz. 7. The method of claim1l in which the secondary beam

posi t ireferenyesyuciam wohprlesase that eas flest WHMOh GOMPIFSE O guetch. Two other

corners of FSM 30 are driven by the piezoelectric mirror actuators 72a and 72b in response
to sine waves to introduce small angles into the beam path 18 that cause small changes in
the beam position of laser spot 48 superimposed on target positions 60 established by other
compohents of beam positioning system 40.

[0035] In a preferred embodiment, the sine (a) signal 74 drives the piezoelectric mirror
actuators 72a and 72b in opposite directions to create an angle change in one direction, and
the sine (a+90 degrees) signal 76 drives the piezoelectric mirror actuators 72a and 72b in
the same direction by sine to create an angle change at 90 degrees to the first angle change.
The laéex' output 14 is reflected off FSM 30 at a point approximately in the center. This
results in a circle motion at the work surface after the small angles introduced by the mirror
movement are converted to position changes by the scan lens 42.

[0036] For laser drilling operations, a preferred objective lens focal length is about 50-
100 mm, and a preferred distance from the FSM 30 to scan lens 42 is as small as practical
within design constraints and preferably less than about 300 mm, and more preferably less
than 100 mm, when the Z stage (not shown) is at its normal focus height. In a preferred
laser system 10, FSM 30 is mounted up stream of fast positioner 32 on the X stage 54 and
replaces the final turn mirror of some conventional beam positioning systems. In a

preferred embodiment, FSM 30 is adapted for easy upgrade of existing lasers and

9




~~. . t~~1~~1~-T ~' ~~ 3 0 AUG ~O~~r 3 0 SAP 2004.8. _The nethod of claim:7 in

which the fast steering mirror conprises a PW or PZT RERI&&@@MEWHE?&
~ The method of claim1: in which the primary beam positioning syﬁt%dﬂ[ 7 {
conprises at |least one translation and a fast positioner. 10. TRhe r?érpciﬂ of
claim9 in which the fast positioner conprises at |east one 0 04
gal vanoneter-driven mrror. 11. The nmethod of claim9 in which the fast
positioncr, is nounted on g translation stage. 12. The nethod of claim1l in

whi ch t ResiieRiag systems4Q.isyeh Aty cEployediicmags!s 8200 or §320 manyfactured by thlestiang

system : ] f | f her. ¢ risin erfaorm vi a
drilli nS*%B%ﬁ?%&m%‘gg%“?h%%@h%dggfc ohy & C%[ﬁ%seé’é‘.ly Pachanged n ikl ) ai m
.1 furt nem mivrgeronshey soeget 04 B Rgnwentiasal laskr sysEnn0 SNk p@towi th the

| aser out put, pul ses. 1S. A nethod for |aser machining an effective kerf
wi dt h odPErefaedhay BYM 3 qonld besegsitinned in the heamopatte 38 hutohowied samsewhepell ses
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is a model S-330 Ultra-Fast Piezo Tip/Tilt Plarform manufactured by Physik Instrumente

("PI") GmbH & Co. of Karlsruhe, Germany.

[0038] In applications for simulated laser spot enlargement, the laser controller 62

and

commands the stages 52 and 54 and fast positioner 32 of the integrared positioning system
to follow a predetermined tool path, such as a trimming profile or a blind via drilling
profile, while the mirror controller 64 independently causes FSM 30 to move the laser spot
position of laser system output beam 46 in a desired pattern, such as small circles or
oscillations. This superimposed, free running bearn movement or vibration distributes the
energy of Jaser system output beam 46 over a larger area and effectively makes a wider cut
along the o0l path. The effective kerf width is generally equal to the size of the pattern
dimension plus the spot diameter. The beam movement also spreads the laser energy over
a larger area to effectively increase the area that can be treated with a given average
energy density within a period of time.
[0039]  Because the commands of mirror controller 64 sent FSM 30 are not integrated
with, but superimposed on, the positioning commands addressed to the stages 52 and 54
and fast positioner 32 of the integrated positioning system, a great deal of complexity and

~ expense is avoided while a great deal of increased functionality and throughput is achieved.

Mirror controller 64 may, however, cooperate with laser controller 62 1o effect particular

10



15 | ~~ G ,~~ ~p~ ~~.T 3 0 SEP 2004 second set of velocities and

accel erations that are substantially higher than those of the first set)
the secondary rel ative novenent bei ng superinposed on, and noni ntegrated
with, the primary relative novenent and. including a pattern @aﬁig

pattern di nension, perpendicular to the primary machini ng path, t'gpﬁwﬂfess
than or equal to about 15 tinmes the |aser spot dianeter, the primary and
secondary rel ative novenents cooperating to provide the effective kerf

wi dt h,desireshpaticis pf MAueReHed AassT APIPACHIPUE heam 16 dyeiRs Particplasdesr to the

patter | i t cdi 6, . h aiml1.5in
i on PRCAERE oF Palict by (5288 oy SRl godloue Byl B0 ¥ cec and
accel efftiienspodheaéramihbescledled 6 halié.a pheri@hitasionfio obaidm paitRulah Kaby ch

t he second set conprises velocities from1,000 to 4,000 nm sec and

accel evidth, sneh gy famaltrpoVingP8ktPOp al/ o1 May Pheclepted ¢ iropart A piantidular iale whi ch
the fast limted yel ocities .and. accel eratiofs,.c ri vel oci ti I Th
S00 miCEE GRalioSuch s AUERg Wi ST EEOReRaiPns OO ST R SomuAPRRE S ¢l ai m | -1
i'n whi ; : ' oL QT 6 | T l,r ror.
0. "THEMEEE thtShe SEAEE EQrlek 6Tcaf BERALCERP pfboriIngl b AN MIPLOR M8

| east meae t@adoparaestity, ndr by eontidlledahrough, thEheemedhiagllepi62¢! ai m 15~ i n which
the transl ati on stage positioning systemconprises a split-axis positioning
syst erP040].  ThecomRHe2IePhies Hiodehwas devielnped s Ediydvwa lasemeng oblagera

O AL kR S SR 55 s ] R 2004 3 ¢
actuators as described above. FIG. 5B is computer model of an exemplary straight-line
kerf-forming tool path 80 of FIG. 5A, enhanced by movement of FSM 30. With reference
to FIGS. 5A and 5B (collectively FIG. 5), the parameters include: a PRF of about 18 kHz;
a spot size of about 25 um; a linear velocity (the-rate the small rotating circular pattern is
moving across the work surface) of about 50 mm/sec; a rotation rate (the rate the circular
pattern is rotating) of about 2 kHz; a rotation aptitude (the diameter of the circular pattern
(to. center of beam)) of about 30 um; an inside diameter (the starting diameter of the spiral
pattern (to center of circular pattern) ) of about 10 um; an outside diameter (the end
diameter of spiral pattern (to center of circular pattern)) of about 150 um; and a number of
cycles (the number of rotations of the spiral pattern) of about 2. The model shows that in
order to support laser pulse rates in the 15 to 20 kHz range, a rotation rate of 1 kHz to 2.5
kHz (5 to 15 pulses per rotation) is desired for a practical pulse overlap.

[0041] With reference again to FIG. 5, mirror—.enhanced straight-line profile 82 creates
a kerf width 84 that is larger than the spot diameter 86 of output beam 46. This technique
permits a kerf wider than the spot diameter 86 to be formed in fewer passes while
maintaining the machining quality and other benefits of using a focused output beam 46
(i.e. without defocusing the beam to achieve a wider spot). In addition, the mirror-
enhanced straight-line profile 82 may be beyond thé bandwidth capabilities of most fast
positioners 32 for high repetition rate applications and allows the fast positionérs 32 to
retain simple bpositioning movement instructions, as opposed to the sub patterning that
would otherwise be required to have them effect the subpatterns evident in the mirror

enhanced straight line profile 82.
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In an exemplary embodlrnent employing a Q-switched COz laser system 10 and a

PMN FSM 30, the CO:2 laser system 10 employs a PRF of 30-40 kHz with 20-30 pulses per
via hole. The FSM 30 oscillates the laser system output beam 46 at 1.0-1.5 kHz so it
makes one complete revolution as the hole is drilled, and the drill time takes less than 0.6-1
ms.

[0044] With reference to FIG. 6, a blind via is formed by sequentially directing laser-
system output beam 46 having spot area 86 at overlapping contiguous locations along a
spiral tool path 90 to a periphery. Beam 46 is preferably moved continuously through each
location at a speed sufficient for system 10 to deliver the number of beam pulses necessary
to achieve the depth of cut at the location. As beam 46 proceeds along the spiral tool path
90, the target material is "nibbled" away to form a hole of increasing size each time beam
46 is moved to a new cutting location. The final shape of the hole is typically achieved
when beam 46 moves along a circular path at the periphery.

[0045] Skilled persons will note that mirror-enhanced via-drilling profile 92 creates a
kerf width 84 that is larger than the spot diameter 86 of output beam 46 such that the
diameter 94 of the resulting via is much greater than the diameter would be for a spiral
made from a kerf width the same size as the spot size. The invention permits a series of
laser pulse spots 48 at a given repetition rate appear as a series of larger-diameter laser
pﬁlse spots at a lower pulse rate without the beam quality problems associated with working

out of focus. Via diameters or kerf widths typically range from 25-300 um, but vias or
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LOtLLLS I Rt Siles of incremearally increasing radii defined by kerf width 84. The

overall diameter of the via would increase as the concentric circles forming via travel in a
circular path at greater distances from center of region. Alternatively, this process may
begin by defining the desired circumference and processing the edges toward the center.
Ourward spiral processing tends to be a lirtle more continuous and quicker than concentric
circle processing; however, a blind via can also be created by spiraling inward.

[0047]  Skilled persons will appreciate that either work piece 50 or processing output
beam 46 may be fixed or moved relative to the position of the other. In a preferred

embodiment, both work piece 50 and processing output beam 46 are moved simultancously.

Several examples of through-hole vias and blind vias of various depths and diameters
produced on a number of different substrates are set forth in U.S. Par. No. 5,593,606.
Various vja processing techniques, including other tool path profiles, are also disclosed in
U.S. Pat. No. 6,407,363 B2 of Duasky et al., which is herein incorporated by reference.
Skilled persons will appreciate that noncircular vias may also be ablated through similar
processes. Such vias may, for example, have square, rectangular, oval, slot-like, or other
surface geometries.

. [0048]  Skilled persons will also appreciate that the integrated positioning system may be
directed toward a single location for processing a small area via and the nonjntegrated FSM
30 is used to create a via diameter that is larger than the spot diameter 48 of ourput beam
46 without significant dwell time and without the complexity of moving the integrated
positioning system 1o perform a tool path such as tool path 90. Furthermore, the via
quality, including edge quality and botrom uniformity, could be grearly improved,
particularly whenever the laser system output beam 46 is relatively Gaussian.

[0049] It will be obvious to those having skill in the art that many changes may be made
to the details of the above-described embodiments of this invention without departing from
the underlying principles thereof. The scope of the present invention should, therefore, be

determined only by the following claims.
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laser output pulses, each of the laser pulses having a laser spot diameter on the work piece
that is smaller than the effective kerf width, comprising:

imparting, from a primary beam positioning system, primary relative movement
of a laser spot position 10 the work piece at a first set of limited velocities and
accelerations, the primary beam positioning system providing a beam positioning pathway
from a laser to the laser spot position on the work piece, the primary relative movement
defining a primary machining path; and

imparting, from a secondary beam positioning system positioned along the beam
positioning pathway, secondary relative movement of the laser spot position to the work
piece at a second set of velocities and accelerations thar are substantially higher than those

of the first set, the secondary relarive movement being superimposed on the primary
 relative movement and including a pattern having a pattern dimension, perpendicular to the

primary machining path, thar is less than or equal to about 15 times the laser spot diamerter,
the primary and secondary relative movements cooperating to provide the effective kerf
width, along the primary machining path, that is generally equal to the pattern dimension
plus the spot diameter.

2. The method of clajm 1 in which the second set comprises velocities greater
than 1,000 mm/sec and accelerations greater than 1,000 G.

3. The method of claim 2 in which the second set comprises velocities from
1,000 10 4,000 mm/sec and accelerations from 1,000 to 30,000 G.

4. The method of claim 1 in which the first set comprises velocities less than
500 mm/sec and accelerations less than 500 G,

5. The method of claim 1 in which the pattern dimension is less than or equal to
about 10 times the laser spot diamerer.

6. The method of claim 1 in which the secondary beam positioning system has

large signal bandwidrh greater than about 5 kHz and a small signal bandwidth greater than
about 8 kHz.

7. The method of claim 1 in which the secondary beam positioning system

comprises a fast steering mirror.
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10. The method of claim 9 in which the fast positioner comprises at least one
galvanometer-driven mirror.

11. The method of claim 9 in which the fast Ppositioner is mounted on a
translation stage.

12. The method of claim 11 in which the primary positioning system comprises
a split-axis positioning system.

13. The method of claim 1 further comprising performing a via drilling
application with the laser outpur pulses.

14. The method of claim 1 further comprising performing a laser trimming
application with the laser ourput pulses.

15. A merthod for laser machining an effective kerf width on a work piece with
laser ourpur pulses, each of the laser pulses having a laser spor diameter on the work piece
thar is smaller than the effective kerf width, comprising:

imparting, from a translation stage positioning system, stage-related relative
movement of a laser spot position 1o the work picce at translation stage-limited velocities

— and accelerations;

imparting, from a fast positioning system, fast relative movement of the laser
spot position 1o the work piece at fast-limited velocities and accelerations, the fast
positioning system having higher accelerarion capabilities than the translation stage
positioning system;

integraring the translarion stage positioning system and the fast positioning
system to impart primary relarive movement of the laser Spot position to the wark piece a1 a
first set of limited velociries and accelerarions, the translation stage positioning system
providing a beam positioning pathway from a laser to the laser spot position on the work
Picce, the primary relative movement defining a primary machining path; and

Imparting, from a fast sicering mirror positioned along the beam positioning
pathway, secondary relarive movement of the laser spot position to the work piece at a
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prunary relative movement and including a pattern having a pattern dimension,
perpendicular to the primary machining path, that is less than or equal to about 15 times the
laser spot diameter, the primary and secondary relative movements cooperating to provide
the effective kerf width, along the primaary machining parh, thar is generally equal to the
pauern dimension plus the spot diameter.

16. The method of claim 1S in which the second set comprises velocities greater
than 1,000 mm/sec and accelerations greater than 1,000 G.

17. The method of claim 16 in which the second set comprises velocities from
1,000 to 4,000 mm/sec and accelerations from 1 .000 t0 30,000 G.

18. The method of claim 15 in which the fast-limited velocities and
accelerations comprise velociries less than 500 mm/sec and accelerations less than 500 G.

19. The method of claim 15 in which the fast steering mirror comprises a PMN
or PZT actuared mirror.

20. The method of claim 15 in which the fast positioner comprises at least one
galvanometer-driven mirror.

21. The method of claim 15 in which the translation stage positioning system
comprises a split-axis positioning system.

22. The method of claim 15 further comprising performing a via drilling
application with the laser ourput pulses.
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A fast steering mirror (30) , such as a PMN actuated mirror, is positioned in a

beam path (18) of a stage-based positioning system (40) to continuously move a laser beam

(46) in a high speed prescribed pattern about a nominal target position (60) 10 spatially

separate focused laser spots (48) generated at a high laser repetition rate and thereby create

geometric features having dimensions greater than those of the focused laser spot (48). A

series of laser spots (48) ar a given repetition rate appear as a series of larger diameter laser
- spots at a lower pulse rate without beam quality problems associated with working out of

focus.
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