WO 03/ 059568 PCT/ US03/ 00686 NMETHOD FOR LASER MACHI NI NG A WORKPI ECE W TH
LASER SPOT ENLARGEMENT Technical Field [0001] The present invention

rel ates twa @aspseri cr omachi ning and, in particular, to a roavbsedoessd
apparatus enploying an fast steering mrror to nove a | aser spot having a
focused spot size in a desired pattern on a substrate to renove a target
area that is larger than the focused spot size on the substrate.
Background of the Invention [0002] The background is presented herein only
by way of exanple to nultilayer electronic work pieces, such as
integrated-circuit chip packages, multichip nodules (MMs) and

hi gh-density interconnect circuit boards, that have becone the npbst
preferred conponents of the el ectronics packaging industry. [0003] Devices
for packagi ng single chips such as ball grid arrays, pin grid arrays,
circuit boar@srzosnebayREkrd EdERO8E 126 wbikiSe ThYP v @k | 1A sk (Ipdd em ARG NG
conponent |ayers of netal and an organic dielectric and/or reinforcenent
materials, as well as other new materials. Mich recent work has been
directed toward devel opi ng | aser-based m cromachining techniques to form
vias in, or otherw se process, these types of electronic materials. Vias
are di scussed herein only by way of exanple to m cronmachining and may take
the formof conplete through-holes or inconplete holes called blind vias.
Unfortunately, |aser mcronmachining enconpasses nunerous vari abl es
including |laser types, operating costs, and |aser- and target

mat eri al -specific operating paraneters such as beam wavel ength, power, and
spot size, such that the resulting machining throughputs and hole quality
vary widely. 1 WO 03/059568 PCT/ US03/00686 [0004] Pulsed ultraviolet (WY

| asers currently used in mcromachi ning operations produce relatively
smal | spot si zeSlechmparEddt o t he kerf widths and hole dianmeters desired
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her ei naf ﬁg{hofi‘%&%ﬁ)ﬁﬂa ﬁxP‘fh@?QeerI@qﬁhfﬁlr’cg movEaY1aRg shBCh aﬁggai by

enpl oyi ng a ower density |aser beam As descr ed in
U. S. Pat fochked s@oﬁﬁie ﬁﬂ@dedﬁ)&dma&emtomgsxiﬂsﬂaﬂeas eemonst 2 i get acgashatdpdarget al .
can effectlvelg/ enl arge the | aser spot size and reduce its energy density.
U.S. Patthanghe OEH@C*FPBDEZ%%IthS sgbstpde. No. 5, 841,099, both of Owen et al.

describe advant 3088, Ofng of the Invention

[0002] The background is presented herein only by way of example to multilayer

electronic work pieces, such as integrated-circuit chip packages, multichip modules
(MCMs) and high-density interconnect circuit boards, that have become the most preferred
components of the electronics packaging industry.

[0003] Devices for packaging single chips such as ball grid arrays, pin grid arrays,
circuit boards, and hybrid microcircuits typically include separate component layers of
metal and an organic dielectric and/or reinforcement materials, as well as other new
materials. Much recent work has been directed toward developing laser-based
micromachining techniques to form vias in, or otherwise process, these types of electronic
materials. Vias are discussed herein only by way of example to micromachining and may
take the form of complete through-holes or incomplete holes called blind vias.
Unfortunately, laser micromachining encompasses numerous variables including laser
types, operating costs, and laser- and target material-specific operating parameters such as
beam wavelength, power, and spot size, such that the resulting machining throughputs and

hole quality vary widely.



enpl oying W | aser systens to generate |aser output pulses within

advant ageous paraneters to formvias or blind vias in multilayer devices.
These patwa®/osewsi on wel | known techni ques in which vi aedrandongoass anet er s
| arger than that of the focused spot size nay be produced by trepanning,
concentric circle processing, or spiral processing. These technjiques wll
her ei naf0804]be ®alskéuitiavedlyt (LB )ensessi curserily vsed i pugremaghining qpgrationyoos]
Unfortunately, operating the |aser out. of focus .often.resul.ts i .
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the "ri nihagdre Wide chb@ppetitp e Wserfspdiwzey iharcimiiee defbyred heas taasiured nol t en
copper during drilling. Furthernore, because the spot size entering

convent | mactining 51 mpyrhe insgeased by eapkiving dHEsd Anddoyerpeved dengiiolsst fegial t o
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which a lens is rotated within a plane perpendicular to an incident |aser

beam t 0 5592606 and tdrSydat.aNeas ,8HR099 sbaj @& Oavenian akjdescritisaaslveriagessif t he
focused | aser, spot. The lens rotation is indegende t o t{ge 0Dositi on of
the supp@RRIPRREHOYIAISCRHEY ST OVBFRaraL] @8 Ut pUSES gngm VAR RBC O RS P
cont our e L1 t. i : nt o a1Vt r it hin a

pl ane tog fggrhé)é Sr}geﬁrﬁsﬁar\% Sgbingﬁ?ﬁ?ﬁp?ﬁé%a&%g%ﬁﬂﬁ}t War gbfg?vseglgﬂg\gg that the
beam mayebgig@isah ehidlyvias hagh@tiafgters targer. thhDOAT Hf e SocBad spdvisize5ndyrts 430
of Kawasaki et al. discloses a |aser welding systemthat enploys a concave
condensi prydngadriyr trefranings CeRopnirig) CligoRROCEES gy SF SI&?@@I%@&S@&SEB?SFM by a

rotary suppart nemher .on. a.beari uc ] ra.d ot at abl e about
a secondax{'§"? W@t}ﬁ?lﬁé}@%é@ Cﬁgﬁqﬁgg'ﬁegﬁg%%% atﬁg‘r% B@Rg{eguqrggn ‘o the first
axi s. Theyopsy r orudser@sdily! ap@skiRbOUlasehsu dfffstusatieh reSulisnanepsdididtee and

"w dth" of target renoved and rotated about the second axis to create an

annul ar patesieable enGgyndintyibuifontand spoivebapd ad fOO0R]Y inrpastyj de tuaity + elugisent
invention is, therefore, to provide thod or apparatus f ui ckly

spat i al | fresipr walitargr othe deareeof medidrg &a‘gglco%&%;f@’,m éﬁ etbr?itplé]f %f(r)tée 19 He %ner gy
density, .af hi petif] . jegt of the
i nventi OW%ihs? Pgrhgg}c {éh%yq%{rl e%@g n% le(i)eﬁ%e![rﬁ)?iglryf %}{zﬂl % ?g‘scahgé\gigﬁlgthég P%egﬁgf gﬁlét@gr eat er
than t hogshpef diufigs faRMSeHuttB&aiorsMtcause the spot size entering conventional

collimating and focusing optics is inversely proportional to the spot size impacting the
target, the power density applied to the optics quickly exceeds the damage threshold of the
optics.

[0006]. U.S. Pat. No. 4,461,947 of Ward discloses a method of contoured drilling in
wﬁich a lens is rotated within a plane perpendicular to an incident laser beam to affect a
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



[ 0010] A further object of the invention is to inprove the throughput
and/or quality of work pieces in such | aser machi ning operations. [0011]
U S. Pat.wdos/05%6851, 585 and 5,847,960 of Cutler et al. arrtCTWSB3/06&6. No.

6, 430, 465 B2 of Cutler include descriptions of split-axis positioning
systens, in which the upper stage is not supported b¥-’ and npves

i ndependeerpeydieilanio thadirstogiss Thamérainiy oseillaig jabeutithe Tifk risgp dew@eass thaar ri ed

on one axi $..0% age while t ol s rrie he r XI r. stage.
These postdneRlses PR ol Rl ot SR B P et Whmath Bufin
support a fast pRshhhe & the d@dne&0 process one or nultiple work pieces

si nul taneousl y at high throughput rates because the independently

suppor t el098hgesAmabjeccalrthy prasent inventionas, thergfage atogorovide aguethed at e,
decelerate, or change direction nore qujckly than can those of_ a . stacked
St age. sy SR Rt atrdily RereAog off 6 achspd FRer P At dpefr ol R | he

ot her st r N&d i a given |oad are increased.
Furthernoé%gfgytd 125?% gsvﬁgﬂg‘éﬁ%ﬁo‘ﬁqg%sﬁe?%esf% are adapted to nove, without
necessar {00095t ophhdiber dbjedt @ pleniseeritionds sdpidiamraie gaosdttic deutings havingnd: dat a
whil e coordinating their individually noving positions to produce

t enpor ar Hingensioas igiarythandospefsthe ifonisedipser PaEget | ocati ons defined by the

dat ab Li t - axi L.tirate.position
bosit 1 onoL00S CA TRl er &ide? pr bl ik DR iR B EXRLATR hESp ks, =
si gni fi capblk pietACHRRSR thstOPhCIRARAE ¥peiafdns. t hr oughput and can work from

panel i zed or unpanel i zed dat abases. [0012] Although such split-axis
posi ti on[M1}yst@rs Pat.eNoedomi IndBeaehs 867,860 atl Cattageduandald . 3. Rat.oNer al |
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PCT/ USO34/0@586e wodR pice Thearfie® 58 e iakis @nisiaga whilplthy tol isheigédoe theasthdrast
steering mirror, such as a_ piezoelectrically controlled mrror, in the
beam pat Axis O ¢BE¢-i AlOPSPIBItANRE TyRENsIBEe OBR ARiIoH BPRTE §iResheiclheedicr i bed
pattern about. a.nonminal target position to spatially .separate the. focused
aser opStgyani st et didlgn Brasst Sl yorRBRl o wRER A Mo i o
geomet ri gighfBAfuBhAR rBAY bBehutk IRNBIGRAIGHISahSFortdiatadeh 8@ @yt i8S Meiased

| aser spot. The invention permts a series of |aser pulses at a given
repetiti onsy andecanmcaglpede, dasclerage or ebagk dimcgen motk ameklyrthputanethoset ofan | ower

ulse rate without the beam qualit robl ens associated with _working out
gf f ocus Stacked stage system. Thus, because ﬁleenass o? one stage fs not carr},c\and on the other sf%ge,

the resonance frequencies for a given load are increased. Furthermore, the slow and fast
positioners are adapted to move, without necessarily stopping, in response to a stream of
pdsitioning command data while coordinating their individually moving positions to
produce temporarily stationary tool positions over target locations defined by the database.
These split-axis, multirate positioning systems reduce the fast positioner movement range
limitations of prior systems while providing significantly increased tool processing
throughput and can work from panelized or unpanelized databases.

[0012] Although such split-axis positioning systems are becoming even more
advantageous as the overall size and weight of the work pieces increase, utilizing longer
and hence more massive stages, they may not provide sufficient bandwidth to effectively
spfead out the energy by large geometric spacing between the laser pulses at high pulse

repetition frequencies (PRFs).



[ 0014] Additional objects and advantages of this invention will be apparent
fromthe followi ng detailed description of preferred enbodi nents thereof
whi ch proe®esasyiesh reference to the acconpanyi ng dr aw n@CT/E0B80686
Description of the Drawings [0015] FIG 1 is a partly isonetric and partly
schematic view of a sinplified |laser systemincorporating fast steering
mirror iQ0EHcor dde@sessnt WveRiCSeHEPIPYS, dhiplore, apdastafeeingmiror sSughgdgdt |

L etorial | To vi ; g : .
Bl oye PiPAerRB Rl bR ORM bt Wi Upaltgh ) RS LAONBYE i 1ps BRI T,
and par talHigﬁ%?@é@ﬁﬂe&riﬂe&‘ﬁaﬁém%oﬁ%horﬁinﬁ?fa:tg‘@ pbitioRto spEiapparateme oyed in

the | aser Systemof FIG "1. [0018] FIG 4 is a frontal view of the fast

st eer i ngfonused dased spain geneattetgt Mbighnthser oepetifibe xate and drerelfyf ereate LRMPISS| t i on

of the laser spot. [0019] FIG 5 is conmputer nodel of an enpl ary straight
line kerfeeErSHAYEHS IBFPT’I%-“S Fhhish ey tl%‘gﬁer?gm%segflasgh SI?%{steﬁEetqg?é‘?l}t%B mirror
in accor - ] r j ' ion k049 hpfdafas B skifesiTRygber nmodel

of an exenp gra;gebp%lggl%ﬁ}lﬁ%gtﬁ %gﬁﬁg&%ﬁﬁgﬁgeg by pﬂrjgvesnerﬁtl %Sf an T ast

st eer i ngdigneted pulses ACClok@GapaBe vatt kvithbet fhe dsantqualitygbblems abeickitddewith

Description of Preferred Enbodi nent [0021] Wth reference to FIG 1, an
exenpl aryodubhenirad focusf a | aser system 10 of the present invention

i ncl udes wi t ched. di ode-npu LJ d- ] at
pref er abﬁosl ncl ﬁ@éﬁ%’% 8‘%?381-9 3@?@"#@%‘%? f%ﬁﬁ?@@%@“ﬁ%ﬂpﬁﬁ% frf!?%lp{rheci ate,
however , foRHHR iai kAU S8 It RIS préfARd dhbegmensUBbreds whidh piBEREs it | anp,
are al so available. The punping diodes, arc |lanp, or other conventional

punpi ng meanscertedid recopparying doawiagpower supply (not shown separatel y)
which may form part of I,atser rrP be positioned separately. 4 WO

03/ 059568 PCT/ USHEA AR588PtIN gxenpl ary | aser 12 provides

0y20%
har noni ¢ ge at I : t e havi ng
pri mar | UL E0E 13 g isBHERIC ant batly SMEmae R B d AR Y o
about 15§;srannieeiporsingniadt steerial enitro2 @9 Acoordanoe vitliepredent investionot i mited

to, 1.3, 1.064, or 1.047, 1.03-1.05, 0.75-0.85 mcrons (nm) or their second,
third, fi90leh, HE.2iis aparb piskiriabard pailkaeheadtic NdeWPFan (g YEemNs TFTHAP,

Yb: YAG Ti : Sapphjre. .| 64, S moni | engt h i ncl ude,
but 'ar e ReshenisH EOROYE! in B drER et O B L about 532 nm (frequency -
doubl ed fygiMAG @1)@5@ 0151 'ﬁgfffﬂ)ﬁ%ﬁm ahd bRItS SN iew [\og@g Af\HGs’jﬂs{efefiﬁg waney

quadr upl e - YAG) , 3 'nm (frequency qui ntupl ed

mechanism employed in the laser system of FIG. 1.

[0018] FIG. 4 is a frontal view of the fast steering mirror demonstrating how mirror
flexion can affect the position of the laser spot.

[0019] FIG. 5 is computer model of an exemplary straight line kerf-forming profile
enhanced by movement of an fast steering mirror in accordance with the presént invention.
[0020] FIG. 6 is computer model of an exemplary via drilling profile enhanced by
movement of an fast steering mirror in accordance with the present invention.

Detailed Description of Preferred Embodiment

[0021] With reference to FIG. 1, an exemplary embodiment of a laser system 10 of the
present invention includes Q-switched, diode-pumped (DP), solid-state (SS) laser 12 that
preferably includes a solid-state lasant. Skilled persons will appreciate, however, pumping
sources other than diodes, such as a krypton arc lamp, are also available. The pumping
diddes, arc lamp, or other conventional pumping means receive power from a power supply

(not shown separately) which may form part of laser 12 or may be positioned separately.



Lasers 12 and harnoni c generation techniques are well known to skilled
practitioners. Details of one exenplary laser 12 are described in detail
in U S Patoo3s9sed, 593, 606 of Onen et al. An exanpl e of a@qwedosnead | aser
12 includes a Mddel 210 UV-3500 | aser sold by Lightwave El ectronics of
Mountain View, California. Skilled persons will appreciate that Itasers
eni t t i n§0@22] ot hhe sxampiyelaseaial eyt pshameniselynaeraraied yassy aipaiol 4ot one

i ncl udi fib | - M i d | d.
A exemst RS GssupRarubvermro Ry T EV Seralaas s PRAMeREE R b
2002/ 0 1%a%@féng\!hts ?oWﬁS?%ai%met@HQhﬁﬁ IE(ngou‘? no6® aeMBelidd 2ut A8DHot 1{RRRB]

Wth referenc aser out put may be mani pul ated by a variety
of  wel o knawn.ospt be $.047¢ I 08HNQS e Afr0eSGmitens (uar)ordbeip serond sthid, favath. ar e

Deam di e iR EoREE S2YACS DG VAE, VKRG inREeY s Ko BATHE" FE RO
gar vanoreey Ot pydhraiiclicey el T hoREs, biEharm S wRELBBE [ O

gal vano 'S mMTrors eam positioning system 40.

Fi nal |y, LR850 58 hml drdgBe RS0 NOYNGR 36D nac fraq@eh@nisipld, NSOCAGES a
focusing or telecentric scan l'ens, before being applied as | aser system

out put [EEMM 6frvquchey quairuEpdNIABAGat ombiknpi(eeuesoy qpmomdsd Ndpy d6er r ed
beam positioning system40 is described in detail in U.S. Pat..

5, 751!05%&3% Ia, i dfarpnig) SongROR B IRRER ATE é@ogﬂt&sgggflrpégnl%)ﬁ%ﬁmans
descri beiget%i?sy(% Ote, exefiplar) FaseP 1? 3 AR Bldefitihay s PeANAC3593,606 60 system

40 prefera enpl oys*a “translation stage positioner that preferabl1>c/1

cont r ol O@En beAsAntexampleadff Dprerosd lascaag@sndideradMobdl MUY Hpdrlager so
posi tioning conponents 20 to target and focus Iasil?r system Qﬂ:@%m beam 46
to a dediykighivaverEleeiraies gfddpentain \Gow, CALLEPTpiae rug e PeEs s oY HretRPreCtde

translatjon stage. .posjitioner is a split-axi i Eibee
t ypi cal | atﬂﬁ%f’é%lgwtlﬁg ﬁts% ewtgbléwav%ﬁeg @rs t% %s(é (’jlon %\%@%?ﬁolﬁ’i %812&%% al ong
rails 5 L RUBLEACOY PREM ndRshidey esmpl@st. ARBPAFIBSRitched CO2
PCT/ Usogfso%l%%féposi tioner 32 Sand obj ecti vg OIayens 42 al on? rails 58, the zZ
di mensi dasdoés dizelnsddnim X Sadt. Yubs NogdsS 202404854748 1eof Rwskp hh arbleded ng
conmponents_20 ali gin t he beam path 18 through any turns between |aser 12
and FSM @pDegenaiep €alY%%-ansl ati on stage positioner is capable of a

vel oci t yﬁog%ﬂg]?o vyﬁié ?&grseggéj tPPICRCC %s%g gﬁﬂgggm{na% R fanifRke 09 YeRrRACEE t he

conbi nat posi t1 orer one’or nore translation stages
52 and/ ogeB4dndRY opcy BtREIRheam @pander Mrsrmmponents 6 dut ateepbspiosied iatomgng

f g?;gtm pit[zégiz ]?zljh SS %@fo@g %L}rjgodri]ieggzdsb%lsat s%rrri]eggf gga{mrtidgrgctgnlfgi go%p%?lg&gsgt(s£%ta%een
sAtage 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 in 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
té 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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60 on the same or different circuit boards or chip packages to effect

uni que or duplicative processing operations based on provided test or

desi gn dawa o3Asswsenpl ary fast positioner is capable of aorsmsiosgsof 400
or 500 nm sec and an acceleration of 300 or 500 G and hence these are

al so the typical capabilities of an exenplary integrated positionin

syst em positioseraipdnel alfjectivp i@feilraong mie 58 sthstZe fimansiondietwent the Pfsafhga%y of

Ly gy Ao o ety SR TRD ttul B MRchs PR 5
| ndust r i&?@? blﬁ%?v%{ll ggg; %% g{;d BaRt sand, ﬁﬁg%ag%a% (Eétla%jeos‘?ﬁélﬁ@ Acapable of a

appreci at ; a system stage for work piece
posi t i ORkR@itRABE 580 hintRe: bepim pwsictdtion «frid} 6. Bomatanvaaieycey dhe/enmdrinatem dfor
beam positioning nay alternati velé be enpl oyed. [0026] A | aser, system

c?nt r ol Ithe f280pqsitisiner 3Blapd opeehmeH Farslativg stages ng aBe/or addpay ¥et§ertr%£t° ot i on
of stages 52 and .54 and fast positjioner 32 in a manner well known to

ski | | ed 2 B3Iy jipigaraed Il’fé?i[éorn? 3 tS%%Qcont roller 62 is shown generically to

contr ol PORLAh QBSkioBhg sySbRA®SpepritdglicR4noveaRal bétdeed nalgdt Phkiciond r ol | er
64. Ski I[f@%]per sons?)wi |1 a;g)p%]eci ate that 4 | aser system cont r%l ?gf 62 may

i ncl yge Gondrege atiad oo differcemiredis oarsoror cbip paokages t@ affeqt amiqug it dgplieatiye or

provi de power to any or_all of these |aser . t t hat

(SS ngKSt EWRCATHPS PRI Y Rasyd P%Eéqvéged\&ieﬁtt?rrd&%g%%??? §§%$&§Vs]t%§trﬁogg}$w oIl er
. Laser _syst . I [ ]

el udi T Bl bieog P! 10 ftoB S L b e B B ey of

FSM 30, Rhtdhksclireatdol the @pital @hpadilitley of bh exerhplary mitegrated positiowihg eystéd, as
wel | as controls any synchronization with |aser 12 or conponents of
posi t i omhmgxaye ofn poclerted lasonsystane A dhat coriaims mAny Al itihakaversisrasdand

mrror controller 62 nmay be referr t eco i nt egrated
posi t i orAHElOBPE ¥ Fﬁefn T%@%’?fmﬂ%a &?%%%@r 1;%?%39%5%6% @g@% é?r&g)a%%%t begm 46
are sel %ﬁﬁlﬁﬂa&&eﬁ%z'mb&&% SciestRstnanichiad, e CiRS®Nin ERamenNtOepordr Bkilledg, i.e.,
via formation, in w de variety of netallic, dielectric, and other

mat er i alpersungetil appiatiarghomehéhittiat disf stemewith o pingtaK-Ylskage 50 GOk RiBFat i on 6
WD 03/ 059568 PCT/ US03/ 00686 threshald, or other characteristics.j.n.

r espons epasBioningsnd\a Bxes) keap pesitionsandses statipnaty galyatogie erofgr F%@%PO%%}%%%

out put include ave densities greater than about 120 m croJoul es
(J) neasrﬁ?%gl?%gg[}vegﬁggB@gﬁ)&g%ot area, preferably greater than 200 ,aJ; spot

si ze di q]mmr S o la8@adykRin (GHLOIlcAGR preférablgsyntiiranizebihatfira ofjlawnd?2 to the
preferably fromabout 1- 50 m and typically from about 20-

repet i t i mntiomokstages fReale andanstaivsitionar 3Xin oHaRReE V(Qlll-&l)({wrb?%g?kénﬂeéigl y

greater ;tJrra]tc(':itri]ti0('%}6):{?3[.1tLz?se%< ls_gs’ten? régntgafetr B ];I?J\A?nbéé/ne%\églﬂ/ Q)' o1 I'feﬂf"f}ositioner 32,
stages 52 and 54, laser 12, and FSM controller 64. Skilled persons will appreciate that
laser sysfem controller 62 may include integrated or independent control subsystems to
control and/or provide power to any or all of these laser components and that such
subsystems may be remotely located with respect to laser system controller 62. Laser
system controller 62 also preferably controls the movement, including direction, tilt angles
or rotation, and speed or frequency, of FSM 30, either directly or indirectly through a
mirror controller 64, as well as controls any synchronization with laser 12 or components
of positioning system 40. For convenience, the combination of FSM 30 and mirror
controller 62 may be referred to as the secondary or nonintegrated positioning system.
[0027] The parameters of laser system output beam 46 are selected to facilitate
substantially clean, sequential drilling, i.e., via formation, in a wide variety of metallic,

dielectric, and other material targets that may exhibit different optical absorption, ablation
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20 kHz; and a wavel ength preferably between about 150-2000 nm nore
preferably between about 190-1325 nm and nost preferably between about
266 nm anwbBd5v68 The preferred paraneters of | aser systrImosespessbeam 46
are selected in an attenpt to circunvent certain thermal danage effects by
utilizing tenporal pulse widths that are " shorter than about 100
nanosecoHueshpitk Jor ogred charatteristidsyin frespanseiodyV @r visible dighb oRg&MPIBE) to 100

ns, and nore preferably fromabaut, 1-90 ns or shorter. Skill wil |
appr eci ap@ran{eﬁeﬁ 0 {?é%fe%’ 6@%%?%@%\# FVeIRS IS CARM5R g{ﬁ?‘hr r%ﬁa%e%%gl (?)? he
mat eri al r L F&n 85 ¥ 2be us to

b ocese Bl P e e R e vt

pr ef er abkiye dianthttre ot apapbdmagureaed 8f Ibfs thannbomterumof and peerabindroababaut 25- 50

m at beam position 60 on work piece 50. Although spot area 48 an di anet er
gener al | yO p&k eanditypieallyoirgmabey %Qng 18 FEPHI AR Wet‘ﬁf %IS%tB‘e&‘tantaBoqtﬂe

e P S DT M 0, A AP e

Ski |l ed peksRNEnd: WavalesgthaRpleebipbawehaibduie 5612000 anganet8 preferablit put beam
46 is generally circular, but may be shaged to be substantially square.

Slki | | eg petmzomsbanit| 19041326 nap pnd anest praferablyditwenn dheah?aEnaandps2ikgdde or
clipped of its. wi t ai | ticularly for first st ing, if
desi rod PETCEHLRATARELS,Rf LR shsem rmerng 5P shigtied ip §3 8FaPidl enbodi ment
of an FSM30n{dRteiisinRRSial ORRELL QrdcRAB MAizidARBfpoLHpRIE Wifihs digftlhect it

t hrough fast positioner 32, through objective lens 42 to a target position
60 on woskorpirehe dduf 600 hiveseronps &) aindFCBevdbdy thoin dtoug 0. lepicesgconds| (pHent

T e S LTI SSAE ool G
e oyl n e t A i .
R

act uat or (RUETrakt pasatbdte@IndEREluIPEIOPBI0E diffelat ergRMers.act uators 22 t hat
transl ate voltage into displacenent. PMN material Is simlar to the nore

ﬁommn 0028bel ekasei syséan vutpot bera é6 prifertably pradudes espphaga 48 9é g clégipeter of
ysteresis, high el onechani cal .. conversign effici hi. bi t i

e oo e 2E S0 T BTG S RELeBLLNE SRSy e
PCT/ USWd?a%@é}. %eﬂgallé(nﬁeﬁk §§ 1 REBIROE s ,Pé%gé’éi%ﬁ{;vhﬁ @espea%nﬁ@aés@ﬁgﬁéﬁef ul
mechani cal activity th small electrical drive voltages. [0030] Exenplary

PMN act ugdser sys&n hoythese feinm trechodasiqiatly awedito weferab ot s arsaqur aisneténof a 40
mm | ong cylinder of PWN material, but have a very high, stiffness of aggut

210 Newtfsiolpereaipddpohsingle palss. nkilpdanpsioms Willialsopppreciaiq fah thesPeLTSR

through B Enllt%ﬁjfj béam 46 is generally circular, but may be shaped to be substantially square.

—

Skilled persons will also appreciate that output beam 46 can be imaged or clipped of its
wings or tails, particularly for first step processing, if desired for specific operations.
[0029] Fig. 2 shows a preferred embodiment of an FSM 30 that is positioned to receive
laser eutput 14, deflect it through fast positioner 32, through objective lens 42 to a target
position 60 on work piece 50 for the purpose of ECB via drilling, circuit element trimming,
or other micro-machining applications. FSM 30 is preferably implemented as part of a
lirﬁited deflection beam positioning stage employing electrostrictive actuators having a
higher frequency response than the fast positioner 32. FSM 30 is deflected by ferroelectric
ceramic actuator material, such as lead magnesium niobate (PMN), actuators 22 that
translate voltage into displacement. PMN material is similar to the more common |
piezoelectric actuator material but has less than 1 percent hysteresis, high electromechanical

conversion efficiency, exhibits wide operating and manufacturing temperature ranges, does
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to three PWN actuators 22 having first ends arranged as an equil ateral
triangle having its center aligned with a center 24 of FSM 120. The second
ends of PO @oswsasors 22 are nechanically coupled to a nRrawusd8/oodsat
attaches to X-axis translation stage 54. The three PM\ actuators 22 are

preferably inplemented in a 3-degree of freedomconfiguration.that is used
in a 2-dagiEeauise PerREEBhRlRdation, and proyides F?eéulpw%ﬁel?g}m’f&v%% P e

actuators, 22. e pr rably fornmed as a holl ow cylinder of PWN nateri al
that is 8]|e %{Cﬁf@réYfiDYfﬁIa%F?cum erentially divided into three active regions.

Activati gﬁ)s@y egEQIEIAYSERIN dctiRo®oRaRde adimisantisademenhief stoyit 2O pyiciogs or
tilting FSM 30. [0031] Preferably the actuator triangle has 5 nm sides such

t hat FSMf@&0 4Gmobéongisfindert efdPMN mbtotial, Hunhavield yeRudighstiffneshel aboahgl @,

which translates into a 640 mcron deflgecti .| ase t put 14 when

pr oj ect eNEHHER RES MMCHATIOE aéOmW &ﬂmﬁfﬁr gyl otﬁg}g/{:g{) %Coqp«lﬁﬂigt%{f%ghﬁ&eé%&pl ary
FSM 30 ' [ : t i i | irfAhé18 Hhige iRAL L ern
ai mensi on FRCGEMES a ity SoheyIRERR Bha IPKELg L B by e L B T e
maxi mum teeeusipyd Fegpobarerdld ¢fHESNMSIN03 Ol esectre]l endsmf PMNrestuatirn2Agrd i mi t

that limts the pattern dinension to up to about 15 tines the |aser spot
size, andnechyiiesdlyl gpupledite agneunt 20 thatiagaches feXradeirargitonsiags S4rShhestree

hi gh i d | ' .
o v anonEADY At 25 SRR R0 ARARTE A Ak ed O lec e R Yartop tha
exenpl ar y; 3z p&egké@omeédlahg%baé aftiRasd tih FEMIGOS YiHeatt R PM NG Suators 22

vel ocities of greater than 0 msec and may be capable of velocities
of 4, 000 arprséaaldy foingdeas, a dilovhcimgler 6f PMIN tatearinb that frecleadtiegdit y of t he

typi cal int ted i.tioni t 4 A I FSM 30 of .t h

o ereqeHeeRk e SRt By Rus 3 6ot SHRA itosn2gPh  Bseny
1,000 G 09?%9%¥, tﬂ@re’ﬁﬁ?ﬂﬂl‘% &ftﬂﬁ&%ppgﬁ%‘l ons of 30,000 G or greater, which
are 50 to I e "a

mes t celeration of the typical integrated positioning
system [[@313] | Prefaablyah¢ actuatexeiqpbkrhas Bhhinadidasatiol tha FSVa%@ cabbat a 2.0
m croFarad characteristic capacitanc ance,

e, 1.0 ohm DC i nped 17 ohps
i rpedancdefiects] arabounnd-4 milkRadianérmRag'd anglepaiich Wg&ﬁsr@ﬁ’ta &t O4PEM{EPE 5 of

banchi dt HeBreira tesn Aimb i YEC patEe €l A SR 3 R pBph 2 EpReane’
PCT/ US03/1 686 Aﬁéﬁ%gghfgm By HRARdER Bica ridde ofandeAidR thdnhignhangl e

of at |east about 4 r deflecting l'aser output 14 with about 0.5
m cron peaittrinatimagsiore solpitd dout PHOBSP tisics theekdsqrespsisize; dioevelpprtbei at e t hat

oy e BLecLohon I Bt NS B SOl b SIRL BNl
the pattern dimension to up to about 15 times the laser spot size, and typically up to 5 to 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 nonintegrated 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 to 10 times the velocity of the typical integrated positioning system. An exemplary FSM
?;0 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 integrated positioning system.
[0032]  In particular, exemplary PMN actuators 22 have about a 2.0 microFarad
characteristic capacitance, 1.0 ohm DC impedance, 17 ohms impedance at 5 kHz, and
ciraws over three amperes of current at 75 volts of drive. The exemplary PMN actuator 22

driving FSM 30 has a large-signal bandwidth greater than about 5 kHz, a small-signal
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schematic view of an alternative FSM 30 al ong with sonme exenplary control
circuitry 70 of an exenplary mrror controller 64 for mrror actuators 72a
and 72b (genwrosesaBly mirror actuators 72), which are prefraTaso$/00686
pi ezoel ectric-type (PZT) devices, that are enployed to nake snmall changes
in the angle of FSM 30 resulting in snall changes in the ang%le of | aser
syst em obampintidthegrnateithan abow & ande defleptionyensle af atHeashgRoHi4oARBD feF t he
| aser spqt_48 at the surfac f iece 50. FIG 4 is a frontal view of
FSM 30 RFUHERE SF%&“HB‘@/J‘{ R o RS BieEE RO oertind retsﬂlélfu%%'si tion 60 of the
| aser Spmméﬁbl (9834 %ééééﬂg WiBlf SpeRRGE: tat FlyCShesprRbidioh hi g batvEiddraekhaitots

e

enbodi ne oying PZT mrror actuators 72, one corner of a generally
r ect angukeuld BSkhiployied fanmimwoeatttagom 22 flét. Snise iy sectionalveind pagly | exur e

G ven. bSCTeRBURMiEsORl W AISrEA i OV BT IS 5958 RTBPIABLETHY CpEHNe D fo
Si e wav g | guhialy BAKGS. SR A0R) Sl RubRgs PEAMPRINELR AR ddse smal |

changes eam posi aser spot super i nposed on"tar get

posi ti ongciiftoRStHbivhidhade byefeabBr pieelpaiteybs (RLT béaiespthiat arerdnygogsdisbem
40. [0035] In a preferred enbodi nent, the sine (a) signal 74 drives the
pi ezoel eatake smail charges die thesanglesof BRM SRcrequding in spbeiansesinytbe pngp of {aser

create an angl e _change i ne directipn and. the.si +9 eqr

si gnal  78YSFT PBOY ﬁ AR eRus POSHBse R B S B 9 SR ST B b
same di r?ffetéu?ﬁc%f%ﬂ@ 1e0c S0 2@, 27 AL GRANSEFSY ROdEesHsa88nd Bowhe fir st
angl e change. e Iasgr output 14 is reflected off FSM 30 at a point

appr oxi matigby flexiohlven affa¢tehe pddiiien 60 efthletlsser spat 48i rcl e notion at the work
surface after the sma

) | I angl es_introduced b thi mrror. novenent ape
convert ed0@34] poswl‘ihdﬁfeé%g@§1@§- # rad dciyan éﬁ%ﬂp ¥y PPeEReRESPPydng PZT
drilli ti f ' ' l ' bout 50-
100 mm 400 Oh PRy 72 SMtofieh O« AP AR ety FRAF a0 AR 0% 0

smal | as gepatd s@hctutd Wwith R (dRSleGRatcan $lek dubhot nthrgvsafratdiahy Tws sthichan
about 300 mm and nore preferably |l ess than 100 nun, when the Z stage (not

shown) i somers ofsFSMr3tedre fdoives by éheypiczoelasiric miweerqtesdors|738 apd JyB i HESPOISEFSM
30 is nounted up stream of fast posi.tiqper 32 o X.sta .

repl aces '@ F@€ faNey (o igHAdRRe, ad]ﬁ?eé dm%g%h?ﬁélﬁPf‘tg‘rglh[‘ﬁ%tecﬂ‘ﬁep%g?lf ?%a%liggsgm

syst ens. ] | Berimpotdd3h fafrcdHaftioth dEstRABNeAPOOMEE Of
exi sti ngt é;%%%pgsﬁ%&g&ev%eggpg%%G 1fP / US03/ ce)lggng 6osi ti osni ng systens 40,
such as eopboy®ts dfbaamoedsitidi2@syatenb820 nmanufactured by El ectro Scientific

I ndustries, Inc. of Portland O egon, and n, be easi.l xchanged .for. the
final  t EOUBSH r rBra pretorkad omQUimeat, Bie HHe G Nk T DWATESI B BIE7QS T giirror

Skilled REaRee 7 M allr{d 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 laéer output 14 is reflected off FSM 30 at a point approximately in the center. This
res.ults 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 aesign 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
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appreciate that FSM 30 coul d be positioned in the beam path 18 but nounted
sonewhere other than on the X stage 54. [0037] Skilled persons w |

appreci at wat dsas9368r i ous technol ogi es may al ternatively be pcammBosyedet o
control novenent of an FSM 30 in two axes about a pivot point, such as
center 24. These technol ogi es include FSMs. 30 t hat enploy a flexure

mechani sRCSHgNIRg; sygtems 40 3 Sy edin duesielse 0P & 5§§B wRdnyfasirgd by Fdegiroupon
deformati . RI e i G; rigtl . .

mat or 1 al oo RhEERTCTic of PorEORRT it B R AT L LR iyt o

surface Qﬁr@niﬁdsmnhelixeﬁ?éﬁwoﬁ/@dn@emc@jal lagitsysiers. [SEMEed3Rraune vilscri bed in
U S Pat. No. 5,946,152 of Baker and can be adapted to work at high

f r equenciapprecsis thabFeM Joradd beippsitienedhingbe PSive paih 18-t anciinteshiomeivhene Bal |

Aer ospace Corporation,of Brgonfield, Colorado and Newport Corporation of
Irvine, O ?Ih?%%herké{ﬁg%gl e piezoelectric actuator is a nodel S-330

Utra-F i ' ' ; ; I
CPi | GO  CoS A Rt L e T I by B R be

si mul at ecnipdsyed ts pottrelnhavament of an FS&1 BAsetwae axdsrabblites pH4t paiotnvacidss t he
stages 52 and 54 and fast paositioner 32 of the integrated positioning

system t6EHRF o hEssieeknalesias melyde FoMsdt that empley adflexurs Wﬁh%@“ﬁ) ped Vziée olr
bling i row . Ol . ' : ;
causes. PRS0l erobleBirc Sl e vBS bbb Weorf AL Bt bbbl P EEr Do

46 in a desiiosdichod, t@IPMNSAEIn@S nsdi@lidls, Gintl §i@delebtricai Elddu@dbirRfise adibatdrs
superinposed, free running beam novenent or vibration distributes the -
ener gy ofto dafvem thy seidaacoftapmirrdye aixengplayeioice dodlragératesy BSMadd ae¢ flessribediny
makes a wi der, he tool path, The effective kerf width is_ .
gonerar 1 PSakat o, THEE53 8FBHEF anl a8 be AFouc tochil nif eihBbpouitavt

di anmet er .yoida&ol VIEST qﬁﬁn . r
area to erof ectoi Sdgfﬁffgiancregggaaﬁgvaz@gg t a?&g%&%ﬁfag fggg;g%a%ﬁfﬁf %1%8}1\%3%2
aver age (@leragy anéNewtpprivCodporatian pé Iivaek, dfaliforai. A G0B&le Beeaslserit hetuator
commands .of mrror contraller 64 sent FSM 30 are not int egrat ed wth, but
super i npdsadasisl SR8 WearkasbRicay Tev kit Ratomn apaawiastired by kaysk dgegmsentand 54
and fast L I i nt ted positioning system a great deal
of conpl é)pgllgltsg/eéﬁgf&eéééﬁfslé%ﬁgmg@o(‘?%rg%n&hi | e a great deal of increased

functi ongpe3g] anth dppliestadiiRUbr bitnudaed R¥QGpot MisfzeiehO Mhd Rbdr&onB 8116064
however, cooperate With |aser controller 62 to effect particular 10 WO

03/ 0595680PCRNISHR/ VOB8E2 atdsHraad fpvipositinserc ofshe imsegraisfl poaisieningysystemm

out PUt DISILAS, SULLIRRILL Sil o, 83T BRRLLSELL O % R Ly °°
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 beam movement or vibration distributes the
energy of laser system output beam 46 over a larger area and effectively makes a wider cut
along the tool 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 to effect particular
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effective spot pattern nmay be selected to have a pattern dinension to
obtain a particular kerf wdth, such as for a trinm ng operation, and/or
may be seWwexis@doie® i npart a particular hole edge quality,Ppcaucsesaessduri ng a

via drilling oper ati on. Skilled per sons wl |l appr eciate, however, that the
mrror co tro | er an be direc r ammed a user and does not
need to Bﬁ@r’i}ﬁ‘i’ OYF@FCDESQfgé %’é{% g‘“?‘i”ﬁ‘??&ﬁh fWeng pRIEFURLRESTOl | er 62.

[0040] A g gmgg §9Bt ﬁ?tJB‘P aleqﬁfé cfaegosﬁt%gl%yygto ﬁ? \hdgah pl acement

of | aser pots 4 e wor ace r i Nuous novenent

of FSM 3GffeytiRzZshot p@ttarﬁtrﬁ}sbeaﬁleiﬁl@blhbeﬂa @b’@a&ﬁ duﬁhlﬁlofﬁﬁ oiai ARt @larTRgL|
of an exerrpl ary straight-line kerf-formng tool path 80 of FIG 5A
enhanced WiglthmsYenasnior gftrimmpmg @penption, andfermatbe seleste] @SMBA wpartisdar hole

(col lecti r S |nclude

spot si zee\é% &%J; tg?t Ugé aﬁndugmg 2 @%&r@@g@@eﬁ}o’@t r%a}]’egtpgm[oﬂ@ Wéﬁ&PleeFléFat i ng
circul ar Haleter, Mhdt $he MAYOHNELIABILS §4 EAPb&@E S Wb GRS bPRaw: il JOB §&C: 2
rotation rate (the rate the circular pattern‘is rotating) of about 2 kHz

a rot ati owedpt mqurate(wtlth tomeetatrodfd threugti, toailaser quatroBen62.(t o center of

bean)) of ut 30 m an inside dianmeter (the starting dianeter of the
spi ral g&ﬁ) C(S’“H%’ﬁ‘?re?aﬂ?m%‘inpé‘al"éﬁs ds¥elPRsdhto showrin ’(Yéﬂi’tal R@C‘?ﬁlelﬁrﬁ’fw?fsl de

di anet er Elgnﬁﬂ t r
patter n))g)o%g'g%(@)&%e‘g e gésgﬁfr?]f n@er g’?ﬁrﬁ{(ﬂs F{O%I?F &rnlfj er 8’C P%”gt ations
of the spicnatorpas (ﬁ@bﬁbecbiboalbOlHIGZ SBTibeompatet n@h@lvﬁ dnheXemiptury Ofr6light-ife
support | aser pulse rates in the 15 to 20 kHz range, a rotation rate of 1

kHz to 2ksri-feppinggoelopatls 80 gf §&G. pAy enhsmegd @hmowsm@etsifrl%wwr wltbrrekreincm

B ot nt 1 FRGS pr S s et BTEE S F ridireon s ™ B PG GBPR N ne
spot di an®jpef s@@ofﬁbo@%‘?ﬁ’g thel%fgaf’fﬁeloaig}} 8hd SO RO 1%%tﬁ§it$rgﬁlaﬁ§5ﬂcterﬂ‘lger

than the spot diameter 8 forme fewer passes I ntai ni ng
t he machinmvigg aprass thy vamkl smtftreb obeleift ISOsnmtseusa ngatwrﬂmmj(swrmthpwrcbkaam 46

(i.e. wthout defocu e peamto achi eve a w der spot ILn addition,
he i 1 GRECTa R SHOGRE  Rp Uk A7 Rpm Arcgls sy igaegig biis QTRulob @NGRRna: h

capabi | i {jeSaRk 8@?%%&5%?%}%0‘&% moﬁﬁ’?lﬁ}%ld%%hgrﬂétgg t?g]stﬁﬁ td1£ﬂn&@r {)ﬁh@ spiral

applications an e fast positioner aln - si

posi t i onipagerNWeCaRtd: dfesictME battdis) ) aﬁabmpp@@?dl ta@ dubedesdibmpet: Kt(hre Rhédg t hat
woul d otherwi se be required to have themeffect the Sldj)@;)atterns evident in
t he nirr diameserfrspial patiean (htcentenef gr@ﬂaumttsm)) aflabpat 0F) pBYB6ES a number of

PCT/ US03/ 0 68 of
Ui o for meRdoRgns BMAGLet Tofiignget e R TP M ERRE ¢ DS B ORRE ROV I3t 30.
Wth ref er@e8 shshort 15r Rbkedatds @Bihe 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 32to
retain simple positioning 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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(collectively FIG 6), the paraneters include: a PRF of about 15 kHz; a
spot size of about 15 m a linear velocity (the rate the small rotating
circul ar patda3esyse8s novi ng across the work surface) of alrarusBoeasbsec; a
rotation rate (the rate the circular pattern is rotating) of about 1.5

kHz: a r j,on itude (the diapeter of the circular pattern (to_center
of - beami ol anBle: 58 hedmRrrubd caraerapip: He ovaresAsceakAB o0t ¢ ne
P PAFGTBAL L CEI oYt RIS 3030NRR Miclendl (FRRY, G0alll 6B Out S de

di anet er e eh aneter of spira pattern (to center of circular

pat t er n) )(celecHbelytFIGS6),, theparngdtas mehdier a20PRE e hesut (15He2)wdpet sizobf about
rotations of the spiral pattern) of about 2. The nobdel shows that in order
t o supporld pmnag dpegsuickasity {thegaierihe pmall sotadgneirqulyr padigtels OviBE a¢oeniheat e of

1 kHz to 2.5 k 5.t ul,ses per..rotatipon) .is desired ro. ract.i cal
oul o6 ovelirksiiey hspBod 0 RIVESE  BSGrabiBhI Rkt B iRyifg-hoe S helibl oo
| aser sysifeBbuiOl, 8072 a rEMYolr aMidle (thd ialieer| IR cisHFAraikidih f%m@ézﬁ&lsoia PRF of
30-40 kHz with 20-30 pul ses per via hole. The FSM 30 oscillates the | aser

syst em oltepm) dfedouid®) am; anonsidedikidetes Gthe istartimgkdismeiee of drepipaiakpatevtot i on
as the hole is drilled, a the drill tine takes less than 0.6-1 .
Ho04d] WERSF BF e ! oSt ot Gpa s Siame e L et LRl
directin : i S I i

O e ool Py S ST ARl SR B AL

i's pref erclbuitiomverthe opiralpaces) Wi hvsue g Tieanbdel lshewt b irfbrder &pap@ort
sufficient for system 10 to deliver the nunber of beam pul ses necessary to
achi eve tlager gelse ates incthe 15tto 2A&Hzoeags, driotationatgraf 4oz scdeddizm(Song t he
spiral too:l ath %O, th& t_acrlget mat era'?al s "?i bbl ed" away to forma hole
of incr eé’%"sﬁgpgﬁ TosAnom) 15 JSsired Buhpragcal BUlse 084 4P a2 new cutting I ocat i on.
The finaljpgdmpre @f at BeoILS én%cidﬁﬁérﬁ%kﬂg)’oﬁﬁé‘h e} edlitcHl kIO PRSP s§ fePNEMdA] ONg
a circular. path at the periphery. [0045] "Skilled persons will "note that

m rr or - e MMNCESM\VACa tltr COR lasgr gystein 1@ edloys @dtRIS 0a30-Ke kit zwwvidh RO-84 rtultses pers

| th th ) di te 86, of tput b 46 h that_t di t
93 of t hd'H BYGI (g L0 Gl st @ty REmem B e dibetiar oLk b0 i or o
spiral  mRAa foﬁ%@bﬁpfé?erfeku%ﬂ a% IR RAR ks Qxfdﬁlggrﬁft‘?ﬁleﬁléﬁiesﬂf‘an 0.6-1
invention permts a series o aser pulse spots at a given repetition

rate appead. as a series of larger-diameter |aser pulse spots at a | ower
pul se rate without the beam robl ens associated with working out

b T ocue [ORH d Nt sieseuse il s HHod M Gl PesRgmeNIadn BBCUTD IR bu
a2 o 1500 3L ASRRS PR 0SSR K QN AL Bt o
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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desirable. [0046] An alternative tool path to forma blind via would be to
start at the center and cut concentric circles of increnentally increasing
radi i def woews/os9s68f kerf wi dth 84. The overall dianeter dafcbs®smiaewoul d

i ncrease as the concentric circles forrri ng via travel in a circular path
at greater distances from cente ion. Altern this cess may
e’ by KoEH A 8 et B o Gt & i Bicalen i brligielts (e e85 Bewar o
the cent it ward spiral processing tends to be a little nore continuous
and qui cker than concentric circle processing; however, a blind via can

al so be qoes#dled hyn afpérnadivengol putiateiformQO¥IT}d Hivwdwddibpes sartait el deneppnéci at e
that either work piece 50 or processing output beam 46 may be fixed or
moved r elCHt PRRSCRBICARSIqS O ilRGremmersplly ﬁ@r%\@mrradu ﬁefépe§rlm @frlfceé Wl@h@@dl%nt

bot h wor k n rocess out beam 4 eousl y.
Sever s XEGuRee T BRE L SRl R e Bt S S R b B e anc
di amet er %1rcﬁfa9ghkﬁeﬁ gt dIARGS 1% Qénftérqrfeegloﬁut)sate&ﬁét?«él}arﬂﬁs %%ceis%a;h

U S. Pat 93,606. Various via processing techni ques, including

ot her todalegmdlytﬂquig theslesiagdecindusdetnse hrmbprbcessingUhSed gattowol. thé c&0F:. 363 B2

of Dunsky et a ch is herein ingorporated. by referen Skil | ed
per sons ﬁthaﬁp@e@lwﬁ%ﬁcssse%&en%ﬁqﬁmm Hs iy coniRpu ARG ARk fhan SRR BUgh

simlar f Iy ct angul ar,
oval, sl SRERFReRSme Haoek I8 oTRY via G SRR e B B PR a0 S0 w1
al so appreedAt e Skided Iphﬁonsm‘zvﬂgﬂ;qﬂecdatpmlmﬂeitnw workspledees0 omprobessingi cugmited
toward a si ngI e location for processing a snall area via_and the

noni nt eg rb&m@cﬁ FeRy bafixpd opgwicd eelativede dhapesitiophihe odiert Aaa nrgfenaqi ger t han

t he spot di.aneter ut u m. 46 .w t hou ficant and
w thout AT et o5k PiEY PR SR ReogEShith BB RS bGPl Mibliateoly'

per form &eiaal e)&%ﬂ?es%{cthro%‘ghflfé@ viRéhitl Biéhd Vit P ARG Repth @nd U?ame‘ﬂﬂ!@' ity,

i ncl uding edge quality and bottomuniformty, could be greatly inproved,
parti cul groduces enavemmtchef diffeent sybdtemesaut peitfottkamAb. Pat. Nel at393e40p.

Gaussi an 0049] It wi |l be obvious to those havin k| |1 the art that
many changJé PEcHEHeg tegipiquse Heluding oty toeleratlh eél?r‘”ﬁ%élls%lﬁﬁ‘@di‘ Inent s
of (LIS ieepbi b WAGPYss SSRAT0E, LrAMy e unden iy c'ﬁ)?go (Rl Bl EShce

t her eof . € scope 0o € present I1’nvention sh

det er mi netilpal pef%)ﬂs B anﬂebﬁw' gt wnRirowlar #2s H@y%&wﬁﬁﬁefﬁbﬁﬁﬂﬁﬁﬁl@ﬁ%
Cains 1. A nethod for laser machining an effective kerf width on a work
pi ece wi fprocesses. 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 nonintegrated FSM
30 is used to create a via diameter that is.larger than the spot diameter 48 of output beam
46 without significant dwell time and without the complexity of moving the integrated
positioning system to perform a tool path such as tool path 90. Furthermore, the via
quality, including edge quality and bottom uniformity, could be greatly 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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| aser output pul ses, each of the | aser pul ses having a | aser spot dianeter
on the work piece that is smaller than the effective kerf w dth,

conpri si NnyO 03rmpess8i ng, froma primary beam positioni ng Sys@EWSopOIGSar Y

rel ati ve novenent of a | aser spot position to the work piece at a first
set of limted vel o ocities and accelerations, the primary beam positioning
system provi di ng am posi tioning pathway froma |laser to the |aser spot

posi tion on the york ﬁfg r {36 ﬁ&’é&ﬂﬁhﬁ aheelfﬁEﬂnYeeké}Pg/gc?Eﬁ%gleam ! k&Gwih

primary machi ni ng pat Imparting, froma secon | tioning

syst em pdadet bopacdpaken gadhh@f the &azer pdsasthaomgrvglapatsbwamsm ondiz worlepiatd ve
novenent of the | aser spot position to the work piece at a second set of
vel oci ti éhatamnalé@éh@% theiehigstiventsar! Hidth seasBpTATIRg: aI l'y higher than those of

the first set, thes nrgry relati.ve novenent %ﬁ“ﬁ e tosed on 1
primary relati Rt ﬁr?&“P?F&%ﬂ%’s 10881%%/? é’v‘n“ﬁad ri%m fppement®
di mensi oryf aﬂ@sfe@@?&l fib'dit@h tb hd \h@rk PetRYfirRsioniiRbteRaeibeiticddahdi s | ess than

or equal to abou times the | aser spot dianmeter, the primary and
secondar ycead¢rationse thropmimeryt @aunwmcmun@g'stem pm&dm@a bham @bigioning pakovay

wi dt h, along the ri ry machinjng path, that is generally equal to the
Dot t o7 - dRHBALIGRTS [ eSer RBBNIOR BBt BIOEK reca e RERHOH TR BPHERer

which th e ities greater than 1,000 nmm sec and
accel er at%ll gﬁs%g%?%ﬁrggrﬁﬁaﬁﬁlﬁggg%l é%B The nethod of claim2 in which the
second set conpr imgstingl foemtal ®Soddagbealn POGtidng s ?ﬂtlasﬁedadldng the beam
accelerations from1,000 to 30,000 G 4. The nethod o laim1 in which the

first setpoéiéiﬁﬁmgﬁﬂlwﬂéﬂ, sedonday relatixe meypmenoy thedaseicspahpodideetochatvasks | ess

h f | i. i i |
than or &GER fooconan ohylesifiudin e aliphi et A SRuedily el ibdpeda of
claim1l igpayhigh séthﬁless@@&ﬂ@?}f ﬁélﬁﬁ/@rﬁlm%’leht Qélhgguﬁai‘ﬁﬁ[ﬁmrd‘@ﬁ thd i 8y si gnal

band with greater than about” 5 kHz and a snalT signal bandw dt h greater
t han aboelati® kidremnt aﬁﬂemmﬂmgd paftem lmvmgla pattemm dirhenstoa, selq:@mﬂ:laulyr tmethm

PCT/ US0/PORES TRSC I PR HOB 6o FEHHT<doAl RO | 185 At SYBaPPridamitpor

conpri Se%h@pﬁll}{la}jr}pénd fega_n(ﬁ?); LA b dnPints 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 claim 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 to 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 diameter.

6. The method of claim 1 in which the secondary beam positioning system has
large signal band with greater than about 5 kHz and a small signal bandwidth greater thaﬁ
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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9. The nethod of claim1 in which the primry beam positioning system
conprises at |east one translation and a fast positioner. 10. The nethod of
claim9 i womsiosyses he fast positioner conprises at |east OrRET/US03/00686

gal vanoneter-driven mirror. 11. The nethod of claim9 in which the fast

positioner is nounted on a ranslatiqn stage. 12. The mthOd'Ofﬁgéﬁ 11
in which the pri grar egBehed B‘EWIH’@T‘ é’)}%t“aﬂ‘flb f5t Steering MUY FOTRRISES Nm ¥ni ng
system .of claim1 further conprising performng a via

drilli ngjifza%g%}lﬁagg?lhgﬁgbﬁth the | aser output pulses. 14. The nethod of claim

1 further conpri 8 rMthepaethod ot cgina 1liasehict the prinkgy bagplpbsiibhing systedn t he
| aser out put pulses. 15. A nethod for |aser machining an effective kerf
wi dt h on campsisgs #ileaskong transytipgand fufapiRosHigNges, each of the | aser pul ses

having a laser SE’@E g,ﬁ!;ieglgcﬁ%cﬁ %floég%lh{‘? I%\gr?ll%(chpthg %q,%F Bgr)ﬁrffg(gr%e'r %Os alts‘{:seart 1éatr§f’lgnet he

effective kerf w ing, ran on Stage

posi ti onigaAg/agysbeMiristRaenbel ated rel ative novenent of a |aser spot
position to the work piece at translation stage-limted velocities and

accel erations; i hpaihemgthdd ofelainf Sdn whishi the dasi pesidyrer ésmofiaisd onel at i ve
novenent of the |laser spot position to the work piece at fast-limted
vel oci ti d@8HOB8E8S-er ati ons, the fast positioning system having hi gher

accel eration capghi ‘Iih%in‘i’e?hécf‘é’{‘clﬁiﬁ?li LARALAhOPrihAY osit%@%gggggteoﬁyﬁée@m

integrating the translation stage positioning systema

posi ti oniangplit-ayis pesitibring Bpstem. primary rel ati ve novement of the | aser spot
position to the work piece at a first set of |imted velocities and

accel erations, the gbemsthobebeiigodifeithaicaapsiyieasr fopnig dyiagrdlitgeam
posi ti oni ng,.pat hwa roma laser to the |aser spot position on the work

pi ece, t I?QBB%%W'&NQM}tglfjg?ﬁe%}gu%ﬁ%%eﬁt defining a primary machining path; and
i nparting, from g4fgsk n¥dtB& baifl 1 F@the? @Bhipk 98 DefloPifhel I Rs&@8AMming
positioning pathway, secondary relative novenent of the |aser spot

posi t i on applitdtienwattkthpilasee oatpubpuldds. WO 03/ 059568 PCT/ US03/ 00686 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 W {8, A B@imod for laser machining an effective kerf width on a work piece with

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 translation stage positioning system, stage-related relative
movement of a laser spot position to the work piece at translation stage-limited velocities
and accelerations;

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

integrating the translation stage positioning system and the fast positioning
system to impart primary relative movement of the laser spot position to 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
piéce, the primary relative movement defining a primary machining path; and

imparting, from a fast steering mirror positioned along the beam positioning

pathway, secondary relative movement of the laser spot position to the work piece at a
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primary relative novenent and including a pattern having a pattern

di nensi on, perpendicular to the primary machining path, that is |ess than
or equal Wwo @wsess 15 tines the |aser spot dianeter, the pdmwesog/oedsd
secondary rel ative novenents cooperating to provide the effective kerf

wi dt h, al ong.the prinar chinin ath, that is. generally equal to fhe
pat tor n- dPHEASFoN B datdac e edafanay are saostaebia Bigpat ?sgi%ﬂi%hmd
whi ch t hges @O ' it Iihaﬁli n
accel er at% iet?)ns g?%lgfayeq &? ar?| 1%8\73%1‘({)&{&‘381'{1 S&%gﬁﬁﬁ%ﬁgg% o %?t%%%%ﬁml@h t he
second se@rincoypeladesmeedmeit tané sndluding a padEa Haoving 0R@Gemiisemsiond
accelerations from 1,000 to 30,000 G 18. The nethod of claim 15 in which
the fast Peinendisulay & Beiprineyy apashiniegpathy thet is dess deapt esmal ol abept 1 2Emee ghe

t han 500 | er at | | h Q.G 19. Th t hod of, cl ai
1501 whi R s RS FRLF AR f R R el o B IR Ffdige”
mrror. 2@ effleveretFordl atdngithe dEmafy MAtHERInG Akl A%t iPSSitAIBNRfuaL@RE | Ses

at | east one galvanoneter-driven mrror. 21. The nethod of ‘claim 15 in
whi ch t h@ajerifamonsprsplup dre spgt dipggtetam conpri ses a split-axi s positioning

TLem (22, e T ied ol S LA i ORI PETLS VIS e

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 to 30,000 G.

18. The method of claim 15 in which the fast-limited velocities and
accelerations comprise velocities 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 actuated 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 primary positioning system comprises
a éplit—axis positioning system.

22. The method of claim 15 further comprising performing a via drilling

application with the laser output pulses.
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