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BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to the field of laser processing methods
and systems, and specifically to laser processing methods and systems for removing
one or more conductive target link structures formed on substrates. This invention
is particularly applicable, but not limited to, laser repair of redundant semiconductor

memory devices.
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Other representative publications providing background on link
processing of memory circuits or similar laser processing applications include:
“Laser Adjustment of Linear Monolithic Circuits,” Litwin and Smart, ICAELO,
(1983); “Computer Simulation of Target Link Explosion In Laser Programmable
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SPIE Vol. 611 (1986); “Laser Processing for Application Specific Integrated
Circuits (ASICS),” SPIE Vol. 774, Smart (1987); “Xenon Laser Repairs Liquid
Crystal Displays,” Waters, Laser and Optronics, (1988); “Laser Beam Processing
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nodi fications to support |aser repalr

Attempts have been made to address the problems. Reference is
made to the following U.S. patents and published applications:  5,208,437;
5,656,186; 5,998,759; 6,057,180, 6,300,590; 6,574,250; WO 03/052890; and
European patent EP 0902474. In summary, the conventional g-switched,
nanosecond solid-state lasers, even at short wavelengths, are not able to process the
fine pitch links due to its thermal process nature. Material interaction may be a
substantially non-thermal process at femtosecond pulse widths, but the complexity,
high costs, and reliability of femtosecond pulse lasers may limit practical
implementations. Device and material modifications to support laser repair are
expensive and alone may not be sufficient. An improved method and system for

fine pitch link processing is needed to circumvent problems associated with thermal
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SUMMARY OF THE INVENTION
An object of at least one embodiment of the present invention is to
provide a method and system for improving the quality of laser processing (i.e.,

removal, ablation, severing, “blowing,” etc.) memory links.

Another object of at least one embodiment of the present invention

is to provide a method and system for laser processing fine pitch memory links.
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include gain switching the seed |aser to
The step of generating may include a step of pre-amplifying output

of the seed laser to a pulse energy level prior to the step of optically amplifying.

The method may further include shifting the first predetermined

wavelength to a second wavelength prior to the step of optically amplifying.

The method may further include controllably selecting, subsequent
to the step of optically amplifying, at least a portion of the amplified sequence of

output pulses based on at least one of position and velocity information to
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compressing or slicing the at least one pulse to produce a pulse having a pulse

duration less than about 100 ps.

The seed laser may be a g-switched microlaser or laser diode having

a pulse duration of about one nanosecond.

The step of compressing or slicing may be performed prior to the step

of optically amplifying.
The seed laser may be a diode-pumped, solid-state laser.
The diode-pumped, solid-state laser may be a fiber laser oscillator.

The seed laser may be an active or passive mode-locked laser.
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pul ses onto the target link structure during notion

oft he substrate relagtive to the |ink structure. )

Subst ant i al | yIBf SeRRTISERLANE M3ycPeLAFedr UL b ARt @sgilator and
out fyierRiptERr (MOPAY. pul se duration | ess than about

100 pi coseconds, correspondi ng pul se power densities

in the range of at |east about 109 WcnR to | ess than
about 1012 W ' .
wavel engt h offatgr(l), héftbg okﬁ{l:lrgghlss&o?ﬁﬁl %’tgédjgfr gel‘sl(%l\ﬁg?nﬁ)tlon may
densuseya difpladeeneno ofithe dufput peisesi te ekaed apoedgtermimed valednce. The

t he _undesirabl e da e. Jhe total ener of ..al | .of the

F oce B B B FeroRTRA acses i e Guurbhpu s R tiest e outplt putes
| i nds 16¢atiofis witkinhe peedelesMindd @bldiange.t he undesirabl e

damage to other link structures in the set of link
structures. The focused pul ses provide for a relative

ener gy procesiiduif %, L far, Li .
pitches in aﬁgnge %hggrgg@g/fﬁgnmgragﬁ}eﬁl)ajéggsoag? 091% T objects of the
m cpresest imveationan taséobasgd nystem iforgremsoyingna ltardet inkvstsuoture of a

Far ik e oR R AR ich R alindlF SRRSO Substae,

any dielectric layers between the target link structure and the substrate, or link

structures adjacent the target link structure is provided. The target link structure is
in a set of link structures. At least some link structures in the set of link structures
are separated by a pitch of less than 2 pm. The system includes means including a
seed laser for generating a sequence of laser pulses at a repetition rate of greater
than about 1 MHz, the seed laser having a first predetermined wavelength. The
system further includes means for optically amplifying at least a portion of the
sequence of laser pulses to obtain an amplified sequence of output pulses. The
system still further includes means for delivering and focusing pulses of the

amplified sequence of output pulses onto the target link structure during motion of
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| east a portion of the anplified sequence of output
pul ses based on at |east one of position and velocity

WO pdos/oms03 on to synchroni ze the target |ink stPOLUS2087/061592

10
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and | aser beam position during the relative notion.
The ns for. control] ably selecting may include
oi ChoRoRRets EaSieo R 1K NS, SuPSRaRIY ol GRHsed ob heagplified
D JeduRh &Y of J\ﬁﬁiﬁi‘iﬁl’des %ﬁ%’h?ﬁls@ ‘%ﬁlifﬁféﬁ 1884RA4 PR du |1{)(Y g&b@econds
I mredi atel y acent t he sequence o
pulcgtrgsmgilna @uke phwersdensitiesindhetangelof at fast ahoah $0°rWrcm’ to less
co G duce the repetition.r

o PnpiRoBP 10 J0I ol B B B AT oA eyl aBour 1.2

m)aiutmnmor kemy Tie pimfm déns&g lof derfocuseliputsenris loW‘lﬁlough to avoid the
one

D ARV amaE R Fuef e o hE fbuseapukisn ugh enough o

napaRe\eaRe tarddd ﬁnﬁ)ﬁﬁﬁ@tﬁﬁe RetilefalolahSidingnthé Hﬂtﬁzsﬁ‘able damage to other
conpressor §,mtBU| se slicer to conpress or slice,

4ipk srycges n the, set 9f link stgyctuspe Fhmfslﬁ@&@d plspuprowide dor a relative
g{)gﬁ?gg g?o ﬁﬁg&g@é bf‘ﬁ?‘}gstfg;’éréﬁerdg)g alfg\ﬂ(?]tsc\%lmgf ﬁ]hﬁ gﬁ&e of about 1

m gieoaden QﬂtZIIammdl ode having a pul se duration of
about one nanosecond. An output of the conpressor or
sheer may be received by the neans for optically

arrpl i fyl ng. Theneeedot parkatiig)mdieindlude @ 4RsRY BREMhtor and power
o) ts aé\? tg§ The di ode- punped, solid-state |aser
rra?mBlé 1f MPBBA)- aser oscillator. The seed |aser may be

an active or passive node-|locked | aser. The seed | aser

may be a hi gh-speed, sem conductor |aser diode. The

means for opfNe8Ystsm gy fRrtherigeluds menaes f@@@omolla@asselectmg at
Onlfait'ablﬁfrugﬂbf theMRI eh%é%tg;&gof q.lgtgﬁtf 1|§]ﬁ§e'ts GaiiPd &' 161t one of

have a gain of a
pr BRIy ardrdpoithinfoematidn tosyntironine thertmrggehnlf sttdvfutt and laser

1. d furth i ncl ude

e 2P 1ot BRSn e bl G cortighly sBectng may
t hmchudp Ieltheremh xmousteopec mlodalatod Wi aﬁléle‘éﬁﬁ dpti® Mddafatdr I St
predet erm ned wavel ength to a near infrared or visible

wavel engt h.
Temporal spacing between substantially all immediately adjacent

pulses of the sequence of laser pulses may be at least 5 nanoseconds. The means for

controllably selecting may reduce the repetition rate to within a range of about 20
KHz to 150 KHz.

The modulator may be a Mach-Zehnder modulator.

The sequence of laser pulses may include at least one pulse having
a pulse duration greater than about 1 nanosecond. The system may further include
a compressor or pulse slicer to compress or slice, respectively, the at least one

nanosecond pulse to produce a pulse having a pulse duration less than about 100 ps.



The neans for generating may include a master
oscillator and the neans for optically anplifying may

WO p@7ooas0n power anplifier (MOPA). The nunber PET/O8200U061592

10

15

20

pul ses and speed of relative notion may cause a

di spl acenent of the output pulses to exceed a ) )
pr edet er nmi ned PesFedt aser anaymhea ¢ywitehedmigralaser prclaser diode having
| NGl e drhichorspeatoRentbaebiect or to direct the

out put pulses to locations wthin the tol erance. Yet

still further in carrying out the above objects and

ot her obj ect e [ ' th

emoving a sbeth SrEaRrei G icEmpd bEFeeRVEd Bl fhemeans
f alfoi epticelly amplifyingdostrat e wi t hout causi ng undesirabl e
damage to the substrate, any dielectric |ayers between
the selected target link structure and the substrate,

or link struqterises ﬁ%rmeibﬁd%hﬁ?é(ﬁ%d@fsﬁﬁé lasdrnK
structure is provided. The selected target |ink

structure is in a set of link structures. At |east

sone |ink strpeldidRSHy h&1R1E% 210 flasks r

separated by a pi tcﬁpulcr)ébefi’ess t azlatﬁ ?Ellmﬂrl?y?hg rreraaggr Srcilator.
i ncl udes applying a focused | aser output to the

Caraet 1ink ane SRl o IR el GasR B R er

relative to the | aser output. The |aser output has at

| east about pul ses. Substantially all, of the pulses
have a pul seﬂf §t9¢ lpges amayphep E‘BBT:?PC"P@GCIBW%%‘EEH%%T dinde.

correspondi ng pul se power densities in the range of at

| east about 109 WcnR to |ess than about 1012 WcnR at

t he sel ect ed Thergeans| foskoptially t amplifyingd maywinebidenaft feast one
of fiBEQMt fHegrons or less. The power density of the

pul ses s enough to avoi d the undesirabl e danage.

Total energy of all of the pulses is high enough to

renove the s ed target..link structure ile also
avoi di ng the%hggggﬁ'?%ﬂﬁ a@“@%ﬁ%é’éayt VB RaH ‘Pﬁl\gr?n’ﬁ?“t 30aB.
structures in the set of link structures. The | aser

out put proviges_for a relative energy process w ndow
of 30% or gr iﬁ? E‘FStﬁ’B‘ideFWeﬂiWQYﬁ@gﬁ%ﬁﬂ%Y P&y range gbabut 1.3

1 pinCto@Boutdl . SPEkY ard Aag fiRr infhiRe §t\¢@a|%19f1%tﬁ g?{gtéfe R)gshf@ﬁla laser

be carried out with a sem conductor | ase havi

a WavePrgtl phthe qmpfified saayencefof about pulses from the fiistpredetermined
1. @ﬁvéléﬁngtlﬂo 18 tinf?ﬂr‘édfo& Qﬁﬁbi@%\/?le lifier, and at

| east one wavel ength shifter tha Ir'fts the

The means for generating may include a master oscillator and the

means for optically amplifying may include a power amplifier (MOPA).

The number of output pulses and speed of relative motion may cause
a displacement of the output pulses to exceed a predetermined tolerance. The
system may further include a high-speed beam deflector to direct the output pulses
to locations within the tolerance.
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wavel ength of the diode to a near infrared or visible
wavel engt h. The wavel ength of the |aser di ode may be

WQR@anIBo55 mm the shifter may be a frequencyPdDub087/061592
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and the shifted wavel ength nay be abogt g 75hn}n 'ghe
shifter may he a frequency tripler and the shifte
wavel engt hym%f’t Bl fur egmén%rrmwubﬂ»gtabover plejegssiland other objects

W @ hlefﬁreﬁﬂpﬁﬁléﬂidnalalxﬂetﬁéd ﬂfenfobﬁlgréf%efe%&d% tlml%stfu&ture ofa

corres to a duration ereln uence
fo F“§‘é€@bf1@§e¢ ot @ substirate kvithonteausing undesipabde dammagh ¢o the substrate,

S u Qﬁ§/ aféiégt # M?;\%}E %ngfe{e{x aéele?:&dttg}getflﬂ‘ﬂ(ar q CH%% Eﬂnc? fhe sﬂbstrate or

e selecte
st Ilmk sumesureapdjacent ehmsemittedrtanget 754 stalctm‘a $piovidede The selected

[ ink t ma e covered by one
SR G SRRt bl LUK SREilEY., &T1efi ot fink Havchures in the
powrofdlaﬂs stihyctarks @QRE sépardidd By I@U;h&ﬁsofnlégs ﬂfaﬁaZ En’? The method
ther?@ shock to the one or nore overly I vation

| adfsfudes 2aPIYHIE 3 doyised {aser oRBUbEO Hisr S.ﬁlwt@r laygen dink structure to
Pagghor@!th® BelbA¥PlaPged 'Pl‘fik ts?ﬁctEFel GfrifenbRIPSE thb s {l‘l%%ﬁaﬁ:grelatlve to

structure. The reroval e one°of nore over
path€ilgssr puiRul. aThe laserrmutnut dasas least ebobut élngatseé i Bisbstantially all of

¢ e TAMES 1R DY Sidt 18 3ol 100 i corerands nd sorprspending
ovgmlpg/pqvger plansitiescin therrahgeyod] ragleﬂﬂ)abh& lbﬁgr/maﬁio(less than about 10"
' n edges in a ran
or "ar B el B o Rt S Swﬁl%we @ b | microns
pometessﬂefl‘he pbwer dasith &fItRS pulbran 16% Q:‘dbu Y{)ﬁ{éﬁundesuable
df at | east one of the uses may
éal? Q}iﬂ %{’86&& ofz3)l pkthe pulgss ig hig qnguglrrweretrmﬁshndselected
{ han
| aQffet qupsﬁucﬁﬁa! W}ﬂllzégglgg ggﬂ@ﬂ?efrﬂé {@El{éﬁe Qgﬁ%ﬁ% 1 Qther link

about 1.5 m crons
| eStCtuseRein the $6t phlink suctures. e }ascm«ﬁnpuxoprotrﬂes ' HYéative

e Ndefby ﬁ'&%&sﬁ%fnﬁo@foftiﬁ)@ P &K % grjpgf'nﬁ-ﬁétul}fg%@r\/\gatagé of about 1

t he select tar I 1k
pl}n@é@@rﬂboupbadcmhsthe noti on nmay cause a
di spl acenent of the laser output to exceed a
predet erm ned tol erance. The net hod

The step of applying may be carried out with a semiconductor laser
diode having a wavelength in the range of about 1.0 um to about 1.55 pm, at least
one fiber optic amplifier, and at least one wavelength shifter that shifts the
wavelength of the diode to a near infrared or visible wavelength.

The wavelength of the laser diode may be about 1.55 pum, the shifter
may be a frequency doubler, and the shifted wavelength may be about 0.75 pm.

The shifter may be a frequency tripler and the shifted wavelength may
be a visible wavelength.

The pulse width of substantially all of the pulses may correspond to
a duration wherein a fluence threshold for selected target link structure removal may
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may further include deflecting the pulses to direct
the pulses to locations within the tolerance. The step

woRoodedisexti ng nay be carried out with an acouBCDUSINT/@61592

device or an el ectro-optic device. The nethod nay
further include spatially splitting at |east one pul se
of bhaubstpatiallioprapartiansl fathe squatesiopt of tlmatweawmh,swhmeby the

pul Iy

G r Bed ARl AL QPR ridy b EnovBE i obaliipiak ¥

to the selectedtarget link structure, to asecond

sel ected tar t tru or to both of

sel ected targ l?fﬁedg iﬁ'&[‘égucq*FFeI@Y ﬁc&wergﬂg:,yyﬁ) or more
nayoxkéelyﬁ@r ﬂabsivhtiwtlay&kst Rvhetdid thel ppwied deiisity @ 06 6r mBF@pulses may

furt ude optically conbining out puts
Sof ‘irﬁ%te Pebermal shpdkoto 'i%ﬁt%‘e é’réB?ﬁ‘?d}YeHﬁ{qgo%ﬂSS%%[m laygrg and may

| asRnove lﬂl'i&@ﬁe shoReoRirlydng f)éas'éﬁlﬂﬁoﬂ ¥RER: andNfle @Ele&t@@%atrget link
one of the | aser sources nmay include”a sem conduct or

| asrucHiredd hememongingfethe one mlt@@g ayeslying pabsivationdayens and the

v, L5508 s AT Se e ISy

pulamdsabtmpnbe about 1 nJ or nore. The focused | aser
out put may produce a heat affected zone having a
di mension in a range of about 0.1 mcron to about 0.85

10 crons. The TiRcusedr |1ﬁﬁ€r0\léi°l§ﬁl‘gt AXBiatiéH ?ay@rsdinﬁ?rb%' #Brganic

15

20

25

that i,s | ess than, about 0 mcron At | eas
i nTRASTIVALION JayLEs lb?cymtabwvg%e%es tnr?eranepsefrulmrtl@lg& wanelengths, and

havghelein QAP PISE pSPACdENSitibs mal Be 1E8 WanCfb oﬁpgﬁﬂ Wem?.

nanoseconds to about 10 nanoSeconds, 0ELere
corresponding to an effective repetltlon rate in the

range of abo b
spaci ng may Leii“ é%eggld% a?rgealﬁn &S v%% gél—lz {5’%5 ﬁngff"f about

a dowr tbpbestdd pd. une produced by a previ ous Iaser
pul se interaction with the selected target |ink
structure and the link structures adjacent the

sel ected t ar gite fb¢uskd laser output may have a dimension that is less than about

1.5 microns.

Focused laser output may include at least one pulse focused to a
non-round spot to improve energy enclosure of the focused laser output within the
selected target link structure.

The number of pulses and speed of the motion may cause a
displacement of the laser output to exceed a predetermined tolerance. The method
may further include deflecting the pulses to direct the pulses to locations within the
tolerance.

The step of deflecting may be carried out with an acousto-optic device

or an electro-optic device.
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structure. The tenporal spacing between substantially

all imedi ately adj acent pul ses may be about 5
woa0008ea80hds or greater. The pul se power densiPCEESI00Y061592

be in the range of about 109 to about 10u WcnR2. At

| east one pul se may have a pulse width in the range of

a few pi coseddgdrctied may furthep inchis GPat?élYﬁPBE%‘S@bF?égt one pulse
an?f el Ihder bbbt 18 forna gﬁglbgﬂrf ggae al ¥ s;%lﬁ uI%QSQV'?hé’lki’ll?ﬂ?lﬁf1 thay further

ot her objects o ntion, a net
of inchudevdctegtively dirgeting atréast oneiafithe spatifally splitrpulses to the selected

o BE R P Ban LT F @t AR dhraB YRR SPughlies 3.6 Bl of e
5t h@el&:&é@eir ¢tilink sﬁﬁlemeésure and the substrate, or |ink

structures adjacent to the target link structure is
provi ded. The net hod i ncludes applying a focused | aser

output to theahe @fe?%tfabplgaiﬁ g Shaysel dakBed SutVAIPMEBItipElaser sources.
target link structure during notion of the subStrate

r el Theimethedymay dunther dpclyde smcallarwemba%s ogfpuis af theylaser sources
abaith a t%nﬁﬂorggﬁlcﬁp aifsS- Substantially all of the

pul ses have a pulse wdth | ess than about 100
pi coseconds and correspondlng pul se power densities in

the range of | east about 1010.Wc to le ha
bbout 1932 WiDkgaEF SqurERHh, BE OF silefeBE ppe. B ac IR ne of the
10 walsskeswirbesqhaylingiude anemicohé@ssor 1asee divdeses provi de for

a relative energy process w ndow of 30% or greater for
link pitches in a range of about 1 to about 2 m crons.

The vavel engthe Fakibeeof ses iaruahiyt 7690pnm Cne of

the pul ses may have a pul se width of between about 30
pi coseconds and about 60 picoseconds. The step of

appl yi ng may A ‘?ea%f"&l‘[ Pﬁ phis (‘-%t lﬁgy ﬂa\%eéﬂeg@'ngbﬁo%bﬁf Slhg&e fess.

di ode having a wave range
to about 1.55 mm at Ieast one fiber optic anplifier,

and at | east ,one wavel.ength shifter hat shifts the
wavel engt h ofﬁ‘f’ﬁger@d’aé“ YAHRLY aﬁlhaof ‘ipmsﬁsr@ﬁy%?ﬁgout 1 nJor
waygirengt h of the | aser di ode may be about 1.55 nmm and

the shifter may be a frequency doubler and the shifted
wavel engt h may be about 0.75 mcrons. The shifter may

15 be a frequengye tféduﬁéc?fas&'lﬁtﬁuli‘ $na$ProdiRd aRYEI RS ol®Naving a

be a visible wavel engt
dimension in a range of about 0.1 micron to about 0.85 microns.

The focused laser output may have a dimension that is less than about

1.0 micron.

At least two immediately adjacent pulses of the laser output may have
20  atemporal spacing in the range of about 2 nanoseconds to about 10 nanoseconds,
thereby corresponding to an effective repetition rate in the range of about 100 MHz
to about 500 MHz. The temporal spacing may exceed a time interval for dissipation
of a vapor/plasma plume produced by a previous laser pulse interaction with the
selected target link structure and the link structures adjacent the selected target link

25  structure.
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The pul se power densities may be in the range of about
109 to about 10n WcnR. At |east one of the pul ses nay

whaea/omspill se width in the range of a few pi cOBET/ORUO7/061592

10

15
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25

to |l ess than about 50 picoseconds. The nunber of

pul ses and speed of the notion nay cause a
di spl acenent 1dF termporpbspaging hetween sepstangialbyjalhimmediately adjacent

P GARLERAY BEdbbl £hape&ond!\s: FRkpd may fur ther

fl'ecting the pul ses direct the pulses to
| ocations within the tolerance The step of deflecting

may be carri - Vi
el et o opt i a Hgaiseobr FoheteR i R e raRB A BB 1o aboue
out10t'hw/ahiov mdbasems pafe miyhkaveodjpatse svidth tnhthe pasgeof a few
i nvention, sg/ t1i1em for renovi ng a target link
st W%ﬁ"é‘d%p Igsscthan abqut HQPiGoseRoBES-on a subst rat e
wi t hout causi ng undesirabl e danage to the substrate,
any dielectric layers between the target |ink
structure andeti§6ll Sunther imcarryiog out the aboveiebjecte and other objects
adJ a

o S bl i BhAGH o mblhodof Hholiflp n RELIA ol 8t  cireui
At fMEmtedm@SUbsmIMe stithout causing iund¢simbleatanmge ko thie substrate, any

o AR SRR o i SRS, G s

a Iadﬁleéntstd bﬁ@/&t@ﬁlhﬁla dtractufeisipeavided! bTHS hfhddoincludes applying a
a focused | aser qutput to the target link

E?%Wf? RserePUtRIAQ the; tReget Hpk étruqttuﬁkto JEnOvy thedarget linkgstructure

rm'dhﬁﬁg AhotioRCofIHO Shbstake felitRE ity ‘%hé I&sérhﬁl Lﬁs eThPs@ Sutput has

The | aser output has at | east about ses.
SUBRREO 1LY Palses. oSubstratipily ajbef lha\pélsas g@)tes?epwquhith less than

| e%ﬁoﬁth@@ bﬁon&pgn@&&%?ﬁﬁmﬂéﬁﬁgggw f?l@? h{]gl fange of at

u se densities I n eas
1ogeawm 106" Weera® toiess tlmmboutﬂ@fzwwme ﬂmttangmemﬂcasugemue and

I and a en 2.mcron

or 31 bleHE e m@on 3 60 Prreittists BrayRledl » Zethth stiigarocess
t 0 wandowdof 30% R grsater 36 1enkdsifohe€in alMafgd Xt abbueN@ @¥utcf microns.
all of the pulses is high enough to rennve t he target

link structure while al so avoi ding the undesirable

damage to t hqh@%%lehgtﬁlfn Eeulﬁ'éEsuﬂhQﬁ abcﬂlttSBG et ofé of th%li)ulses

structures The pul ses pr de for a relative ener
pr g 8vVeR R@Wtﬁh gbbmeengabentt H)pi€asecdnids kndatiouh 66 plcpseaonds
rangeof about 1 m cron to about 2 microns. The system
further includes a positioning

The step of applying may be carried out with a semiconductor laser

diode having a wavelength in the range of about 1.0 pm to about 1.55 pm, at least
one fiber optic amplifier, and at least one wavelength shifter that shifts the

wavelength of the diode to less than 1 micron.
The wavelength of the laser diode may be about 1.55 wm and the

shifter may be a frequency doubler and the shifted wavelength may be about 0.75

microns.
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subsystem for positioning the focused | aser output
onto the target link structure. The wavel ength may be
WO e@sg/09386h about 800 nm The |aser subsystem nBYT/US2007/061592
i nclude a sem conductor | aser diode having ab -
wavel ength in_the range of about 1.0 mmto about 1.
nm at Igeast Sheshiftesapaydista feequenslyitripler andothe shifted wavglength may

one 3 ifiter that shifts the wavel ength of
theb%v?\gggﬁgg&lalbgéégtﬁhan 1.2 microns. The shifter may be

is a frequency doubler and the shifted \gavgl ?pgtn maz

be about 0. 75 r e

tripler and tﬁgé é‘ﬂ???%%;v\qg\r}%pé{}%l? %P%thséa%e\ﬂfgﬁ%ﬁgﬁ to about
wav €0'eMgcim?. Al ieagtons ef ﬂxg\patseslignayt hivﬁpumAt ildﬂx m{lh% fr?gg% ?f a few
ran of abaqut 109 to abgut. cng. eas

3 heggﬁﬁeg(é%(g&ggesﬁ%ﬂé‘ z&ogﬁglc%eg?r\#si n the range of a

few pi coseconds to | ess than about 50 picoseconds. The
number of pul ses and speed of the notion may cause a
di spl acenent &he mymben of, pusaspand speedxebdlie anotion may cause a

re ] I t .
e abacemeRPOf b LEEABEG 10 §Epi B B et bltfnce. The method
pul may further inchrde dafleating heapulses to directalmcpulseEhe locations within the
def | Ghfde. may be an acousto-optic device or an

el ecfero- Opti c device. The above objects and ot her

obj ects, features, and advantages of the present

i nvention are.readily arent fromthe foll ow ng ] )
104et ail ed deschiesPHf siibching miau be ol oo it an acpustg-optie device

t hepr dv@edtiRdbtithtRRickaken in connection with the
accompanyi r?(gjébdravvi ngs. BRI EF DESCRI PTI ON OF THE

DRAW NGS These and ot her features, aspects, and o
cavant ages. oy BIARARELS: GAMAILA Ry Y BRI i
app¥ribepresentiimeentiomda systemfarygmoying ractai geg linkvgi@ure of a circuit
IF L?g{r@fcalt&l drPa ?uﬂg{rgfél&vi%o% Eﬁg}nsghu%\%sqgabﬁe (?a%ggle%g t;l?ef su%strate, any
15 dielectric layers between the target link structure and the substrate, or link structures
adjacent the target link structure is provided. The target link structure is in a set of
link structures. At least some link structures in the set of link structures are
separated by a center-to-center spacing of less than 2 pm. The system includes
means including a laser subsystem and an optical subsystem for applying a focused
20 laser output to the target link structure to remove the target link structure during
motion of the substrate relative to the laser output. The laser output has at least
about 70 pulses. Substantially all of the pulses have a pulse width less than about
100 picoseconds and corresponding pulse power densities in the range of at least
about 10° W/cm’ to less than about 10> W/cm? at the target link structure, and a
25  wavelength of about 1.2 microns or less. The power density of the pulses is low
enough to avoid the undesirable damage. The total energy of all of the pulses is
high enough to remove the target link structure while also avoiding the undesirable
damage to the other link structures in the set of link structures. The pulses provide

for a relative energy process window of 30% or greater for link pitches in a range
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processing systemfor link renoval using at |east one
pul se in at | east one enbodi nent of the present

WO paogipisoh; Fl GURE | b shows a bl ock di agram of PEr/US2007/061592

10

15

20

portion of the external nodul ator sub-system of Figure
la wherein a portion of an anplified pulse trainis
corf about domicremk feeghout 2 fraicronsn - khigesysten' fupther ingkidegya pbsitioning

I

L 3 i P 98 REPBAY By " B g e
way of exanple, focused | aser out put on a target |ink

t t d {1 f ot k I ' t

aser beam  APEDRESenE sy eders bEkabius PR show ng
sonme el enents of alternative solid-state | aser

subsyst ens, having a master oscillator and power
anplifier ( I\/%g% aservg}qp@ﬁteﬁhgaajbglciqﬁi@a@g@épomﬁucé@r lpses diode having

ong veveRdEMERt therard SgEQ)fQ{B@fﬁef‘b LR & NidoRl 55' ﬁ{Rgt Radtn? fiber

schematic d| agram showi ng one ‘arrangenment
c o APl amplifiets éfid ipﬁd%éte@ledvavgl@neﬂl@hlfwg that sb@a @m:\ea\@ﬂength of the

q ?ﬁ,ﬁl%o &g@ﬁﬁﬂ 1p21hﬁ8.§P%J| ng rryl tiple | aser S W th

el aye trlggerlng RE 4 is a plot showi ng an
exanpl e simul ation results of exploiting differenti al

h :
Substrat e ¢ oTPENT0e IRED fsdrienes doublehan e SHined wavelengih
suhmy ataboly0. 2P plistong t wo pul ses having a

pre-determ ned del ay; FI GURE 5a i s a graph
illustrating, by vvay of exanple, a relationship

bet ween a heghe & ﬁ—é?@
link pitch; FI eGURE 5b i Il us&*‘u(3 1pels£)d21tth§k %dxvgﬁ\qzlle?ngthmay

mab@# Visible sieselangthi t h nanosecond pul ses FI GURE 50 is
a graph illustrating, by way of exanple, dependence of
fluence threshold on | aser pulse width and shows

ex enpl ary p uThepul/s@Idedfraregﬁﬁes&nﬁly B B8Rk @é%eﬁif'aﬁ&t 10° to about
resent

er§ oy r espo t o enbodi nents
EW’ ,X_; @Eﬁ!z@g% ﬁhg %3 Ises mpnhave|a pse yyidihgin thg/ramg/of a few
Of ple(&z’éﬁdﬂids to 13§ than about 50 picoseconds.

The number of pulses and speed of the motion may cause a
displacement of the laser output to exceed a predetermined tolerance. The system

may further include a high-speed beam deflector to direct the pulses to locations
within the tolerance.

The deflector may be an acousto-optic device or an electro-optic
device.

The above objects and other objects, features, and advantages of the
present invention are readily apparent from the following detailed description of the

best mode for carrying out the invention when taken in connection with the
accompanying drawings.
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dependence of the absorption coefficient of Silicon on
wavel engt h and shows exenplary | aser wavel engt hs

waeorwessondi ng to enbodi nents of the present | POBOB200M)61592

FIGURE 6a is a block diagram showi ng el enents of a

| aser sub-system wherein a seed |laser of Figure 2a or

2b is a diode-p DEXSRIBTION: QF T PRAWINGSt or and

a di ode-punped, solid-state laser anplifier is used to
anplify the output of the seed laser; FIGURE 6b is a

bl ock di agr amIbspwindgoibee fieantres, ofspects,aandr advahtaggssofthe present

wh in.. i Fi 2 2 . ..
o1 cuflidh, SAE Becohi el ppdetbi RinShadtd uf e fBfioVing description,
pr odppinder clains aad accompangiag diawingx whpdee; Fl GURES

7a-7c are bl ock diagranms showi ng additional design
al ternatives which nmay be used in an enbodi nent of the

5present i nvenFIGURE N%!iydi BhckOMh@HT @‘ﬁ“""ﬁ?éﬁ%’f‘?‘é‘h of a laser

10

15 Selg

20

| east one of anplification, wavelength shi
" doRFPCESIRE: sYiem /for dinks semppvakiusing; atFlaasyRp®: Puilsecinante least one

schefBbdifmedi @%@Bpesaf{ﬁﬁ?éégo etails of exenplary nmaster

osci |l | ator power "anp ™MOPA) configurations which
may be used in at |east one enbodi nent of the present

i nvention, wh ' seed laser isanplifjied wiith at

| east one fi bE@é%F?lcb gl?'f’ﬁﬁ ?ﬁ’Z?th %‘agﬁaﬁﬂﬁté Rﬂf@%g?élﬁ‘dexternal
pul medulatod sutrsystein 0fFigurd Bawherefita paréioh 3F & athplified pulse train is
sel echl Qg gulﬁées FIGJRE 9 is a block diagramof a

| aseEPtiolably SRlehiH Jor sthe-Tlyy qrecgssing of laksig a

pi cosecond | aser system and further show ng an

exanpl e inpl epentation of the present invention;
FI GURES 10a YRE 1g/iwa tppsshemasic views (ap tesuale) cof tasget link in

> . o . Lot _
Feonfons o HRRPKANRRE b, Way SPolofE obodta e Bublion.p arget ink
2 1StiigRwe dutingi metidn of therlukaehtisie puh ERembedidys,

respectively; FIGURES 1la and 1lb are graphs of energy
and rel ative process w ndow versus pitch which

i|lustrate tcSIGURESIZa2bf are block dmgemw GhoWind sothePbleRients of
e?r[at'gg i.d:oseciond &ul ses and 35 pi cosecond pul ses,

r edhEHA 1\ F@l -3{Atg laser subsystems, each having a master oscillator and power

amplifier (MOPA), which may be included in at least one embodiment of the present

invention;

FIGURE 3 is a schematic diagram showing one arrangement for

combining laser pulses or generating a sequence of closely spaced pulses using
multiple lasers with delayed triggering;

FIGURE 4 is a plot showing an example simulation results of
exploiting differential thermal properties of a link and the underlying substrate to

remove the link without damaging the substrate by applying two pulses having a
pre-determined delay;
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FI GURES 12a and 12b are graphs of energy and relative
process w ndow versus nunber of pul ses which

WO Rooas98a3 e test results for |ink bl owing w t hPEBUS2001/061592

35 pi cosecond pul ses at about 532 nanoneter wavel engt h

with 1 mm pi tch respectively. . .
DETAI LED DEscgg PEEAHNE; cﬁ?}ﬁ,ﬁ(ﬁ(@é}ﬂe a relationship

o/efeW@Wa—ﬁeassﬂfec&&mm(mml §0% bi2E Sarfded BAK piéh;t O
Figure la, a block diagramillustrating a portion of a

| aser processing system 100 for rempval of an

el ectricall y genaie5h ustd | I . :
out put pul se 104 havtl)ng Saa%Fc%’gg’égﬁ’g%gu lg, %ﬁ%%lﬁp{kﬁogal with
., Manesscendrpitlsesn, etc.) 1041 (e.g., as neasured at the
hal f power point) and shows some najor system

conmponents included in at |east one enbodinent of the

5 present i nvelRIGURE Sc Bhuogph Atusir@tﬂfgt W%y&im PRNHehdence

10

15

20

25

t he .i.nvent i,ncl u sol i d- st ate
| ad& ﬂ“F?Fes‘h{?nE‘i]EPEMSbe“ X tﬂ% Biéhqvm XemplATY Pulsp Widthganges
103ntaxemglapy Ipatse padimistersOdbkrdsPoril ulig 3 %ﬁib%@uﬂ@n?soéﬁ B Present
ran e. .The |aser may be a commercially avall

ENfieped, solid-state (active or passwe)
rmde | ocked | aser, forinstance. For operation at a
preferred wavel ength the output 103 of the system 101
may be shi ftE&GURE/\édeiseaggﬂaplnyllluplratmgalb}s twdyt of ek@fple, the

f
9% %10'3%%@@&%@%5%({%@9 R of ﬁlxﬁ ronugyg\rrglgng?l?aagd shows
vva\zxeérfmslgnyh lasér svan@lenghy! Séres 6nd1h rRl emp @ﬁnelﬂté' %?
be.sel ected and del i \%er ed topa |I%k 107, oand Sthémp(resent

defTBY¥YH pul ses may have a pre-det er ni ned puI se wi dt h
and tinme interval between pulses ("tenporal spacing")
based on a physical property of at |east one of the

link 107, su i@UBEe 63 1i9, a (hleekr difigedre cshoiwing a;ememsom a laser

8 U151 Y552 09y SPFTLE it

system may 1 nclude ariza
b e@ﬁq‘r@sgﬁh@r amnd a dmdcrpmppcd: solidstate daseDinhpléfidr i€uded 16 aﬁlﬁﬁfy the

gﬁm ‘%Hh ag%ey diffraction limted spot at link

‘33 i'oha ernal nodul ator sub-system 108 nmay be
operated under conputer control to provide pulses on
demand and v awer e pul ses. By way

exanpl e, pul Eia(iU&EZGé)\nlﬂﬁ Plegke {j’lgfﬁi’ﬂa Bewing §l§§1011t$60frw/ laser
besubrsysieatwhersindeqed 136k SDFifte 2688 BB thaly b &Dicostéond laser diode

or microchip laser for producing picosecond pulses, for example;

FIGURES 7a-7c are block diagrams showing additional design
alternatives which may be used in an embodiment of the present invention, including
configurations for at least one of amplification, wavelength shifting, and “down

counting” / “pulse picking”;

FIGURES 8a-8c are schematic diagrams showing details of
exemplary master oscillator power amplifier (MOPA) configurations which may be

used in at least one embodiment of the present invention, wherein a seed laser is
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Patent Nos. 5,998,759 and 6, 281,471 (e.g., col. 12,
line 63 - col. 14, line 33 and the associ ated draw ngs

woRoi92803171 patent) teach the use of a nodul aPGF/UB2907/061592
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20

25

provide a pulse to irradiate a |ink on demand during
relative nmotion of the link and | aser beamin a | aser

pr cewpdified gvith aitleast opefiberroniig amplifieg to pradyce picpsesend pulses and
di 3R 18ENMR Tt RaBYnk! A odul at or

sub-systgr‘% 18§8i o% n@fbgﬁa&%ﬁﬁagsﬁéét@ﬁﬂs’eﬁomher ein a

portion of a pulse train 103 is controllably sel ected

for processi i ri.ng rel.ative notion between
substrate 118:&i g%%%ﬁﬁg%&dl%%%o{.aéﬁe{ p]ageci Jagmpry FERAT system,
notindadingy abgidosedohd etaseli neysemQnand Xfurttier OShowlidg ¥n example
not. i ogg{enot. s\l;?,gx\gg of substrate 110 which is generally

mo TP &g tign Presenbaventign; 7 axi s notion of at

| east one optical elenment 114 within the beam delivery

system Reference is nade to U. S. Patent Nos.
6, 114, 118 andIGURES ta1ansk 10ty Aredgraphs pbenesgy gmdeclative process

t h§yiRARKS %Eltéu!;‘é Eiéa{‘%&p if108trad Fe‘s‘ﬂ' A f&?i{n&@a‘f%ﬁg with individual

met hods an tens tor positioning o

t h@ulsesbaviegAhnsrosecond and Oi naposecord pulstkwialtls, trespactively;
Controller 121 generally produces control signals 122
based on position information, velocity information,

or both posi FIGURESA] \aeamii 1ty afendrapliséf eergychid redetiv@ process

oi RS Yors il e el Gt Sl b Pipane i 50 gulse set
S Wof 81 picdSecondd pusey Arfeeds ﬁ%%@&h@ﬁﬁgﬂ?f@?&'ﬁk&‘ly?ﬁﬂ” des

out put pul ses 106 which ‘are a portion of the”i nput
pul se trai n103. Hence, the generated pul ses 103 may

have a contr uifu it r d_t ral
spaci ng when @tk (Egﬁrrp% d%ﬁ%a%n(g{ @’:?‘J& . é,rgﬁhse&tn% § ?ﬁnya%cfpﬁﬁg/)e process
i s Wikday versesenusaher ofipulses Whiak tllustretecest pesulty fdrsienk16léwing with

i's
h ' ' j Nk th | Cr )
L1 e 5380180 0B fy Ll leably 0 e

t henbeadmmelitck efegpezyisélgm may be used to precisely

position the beam wai st at high speed and to further
optim ze the delivery of the focused output pulses.

Ref ef [ i DATAIGD DESCRAS 560

target link 107 in%ﬁ:u esaﬁmgp%(#ﬁhse %:%jr&hggﬁw’r&}
1042, each having an identical spot size,

correspgndin .Sel | ses 1%4 The di stance
1043 corresp%ﬁ%fs%et%g t aégf%%pegiglrdg 5¥%g bet ween t he
pul ses during relative notion 113. |If distance 1043 is
a

o

Referring to Figure 1a, a block diagram illustrating a portion of a
laser processing system 100 for removal of an electrically conductive link 107 using
at least one output pulse 104 having a picosecond pulse width (i.e., pulse duration,
etc.) 1041 (e.g., as measured at the half power point) and shows some major system
components included in at least one embodiment of the present invention is shown.
At least one embodiment of the invention may include a diode-pumped, solid-state
laser in sub-system 101 to produce intermediate pulses 103 having pulse
widths 1041 in a preferred picosecond range. The laser may be a commercially

available diode-pumped, solid-state (active or passive) mode-locked laser, for
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relatively small fraction of the [ink wdth, for
i nstance | ess than 25% the fraction of energy

wepa7ossa3in the link will approxi mate perfectPEpOB2007/061592
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posi tioning. Distance (or displacenent) 1044 generally
represents an effective dinmension of the |aser output,
whiiostanegu diog opérativmater prefested syavelengsh thesquitpus 1103 of the system 101

pl . . { 0 . ' j n

PhdrGpREtn g i Vo R bl SuRBREAS'E, | MEhERRGHR: generator
|'i rfler gxangdie (roend seartinfrared weawvelepgthito g )visibld 8r nsart GV wavelength.
recei ve increasing consideration. Published U S

Pat ent Application 2002/ 0167581, assigned to the

assi gnee of tAeingl { of pluedlity of palses may bé palédédshdddelivered

reference herejn, describes various methods and )
sulo gj@?(ewg gt e debiyerpd pulsesgnms Baverdpreistesmingg pylse width and
i ; v &al ‘ AVE:NE '

Hege mlTJWal%Rb pu?s‘ég’éﬁt&? @ﬁﬁs;ﬁgllnﬁg* bAREA Bn a?gﬁig%l property of

general 'y 1 nclude"a hi eed, e axls

mayat beast eneoofgbe link dOW substmate 10 bepper digldctric layery A% and lower

R0 00 T bR B SHLER A5ad conco,

seatlappticd, teld expasionpzbom dptics, fandtanesbjectile leig tfo1oprodiicing a
the '581..discl osure. .Further,. th ocused out put

i ndfk %‘g{ﬁ?clcﬁ‘roﬁl Wtegf SR ofts ,I‘H'gv iﬂ'& atOntogal egﬂaénaqa};lodulator
NoRub-gesiern CAI8 mpp theddpetdted uhdeNcoMipul \entid€ A6 ipkdvidE Palses on
i NSt anggamﬁg ure 17 of the disclosure illustrates a

f o9 yifBenower of the pulses: nBY peyaf examgleepylpesgl (2gwithin
| Ghe gr B ofHulle®qbs6 @%@&nﬁ{edqgéjhésddﬁg@lbg G aésknlé((i: ﬁﬁlesgy U.S.

one alternative solid-state |aser system W
be Rafeat DoedS.PP8.489 end 6 ABAeATH (0fg. tdod. 1, der6B -i col.eld, ilima 33 and
IS : =% K11 at or 11 .
7 R SRR ) Sy BRI o7 At o provie
hawi pwsestofifriadiagna liek englenmmud tatihg rélative motion of the link and laser
ampljfi.catignwith Laser anplifier 212. The seed | aser
m%e%nel lﬁ?llﬁsgrp{?ﬁﬁﬁsﬁ@sygtema predetermned rate or "gain
swi tched" to produce pul ses under conputer control. At

| east a portion of the pulse train is anplified to
obt ai n t he n&¢&35Rg {o Figyes 1@ tleckediagrgi ofcp pastion ofithe external

me ' [ t . e
reSRIAOUBASEh |00l FIAE 19 I el s
a $tahylle3 jremroliahly electad foalprowmssinglef dinkodufing relhdvd motion

oot AP R P AT R TP o oy e
op¢hrat dimaisione:nX indl&ioat 1130Y medeh (riot Shove)f1}aBstHadd) 110 which is
tradeoff between the efjwﬁrétgg%o gi yen ul se, the

nuﬁﬁ‘é‘?‘a%}f %nge son 3 wple pafé)filazlaéﬁ ign of at least one optical

element 114 within the beam delivery system. Reference is made to U.S. Patent

Nos. 6,114,118 and 6,483,071 assigned to the assignee of the present invention for
precision positioning methods and systems for positioning of the wafer and the laser
beam waist relative to a link position. Controller 121 generally produces control
signals 122 based on position information, velocity information, or both position and
velocity information relating a link position to a laser beam position. Control
signals 122 generally gate (i.e., control) an optical switch 120. The optical switch
120 generally provides output pulses 106 which are a portion of the input pulse train
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In one alternative arrangenent, shown in Figure 2b
(not to scale), a portion of pulse train 214 nay be

wa@ o 9dshabl y sel ected with a suitabl e nodul at BET/US2007/061592
arrangenment 1081 (simlar or identical to 108 of
Figure la) for processing of links during relative
not i163. Hengdhe genssatehpelses1l®3amay have alcaptpllgsentpyt repetition rate
t he . ' [T ' .
pur 08 fempordI SHERYE, wBEd B ol QBB 1R IBBIEbE 100 1 0 o el
" dowe ableasi nng ‘outpui \putbe ID#wthat irmadiafes| e @f aloreidinks (or other

operation may b se o match.a repetjtjpn.rat f .

5o o bigd et rubfise)3 K ket 3% iy et L6 idhi e Beaga detivery
Soel aystérh endyeteaised foQredilyep@itidntthe Be@tiwhissR highlsbeed81d to further
exa ion rate of pulse train

.6, if RIis the repeti
214 PPYRES t% Aeliyery Og@etfg@SF‘iB‘étPP&l?‘H?Psr ate at the
out put of the nodul ator 1081 when every n'th pulse is
selected. If 214 represents a 50 MHz pul se train, the
out put of t he RefaingFigurenq, exenaplany muaised ddsemoutput ongaget link 107
I n 0 ' t p e.train repet.ition .
ot SR SRS P Bk 1000 a0 nat ek GREHCA e ice
var icentesponding ta seleated\palsys H0walThe dismgee 1043 pirespoads toche temporal
t he sel ected pulses with t.he i tion, of | j.nk, )
16} e sy bRt B¢ Rylth, ofige B aictin, b St diftgtce 1043 is &
Suc beladivedpemall fractidtBor the iRk Width R iltark@Néds thdrf?5% 2the fraction
in either or both 108, 1081, and may be based on )
pos Pt FrsRSnARplesed i thsdinkywill Approrimpts Per feet spot pasitinnings eDistance
enbosh dBHhcedtentyn r [ ' . | Ly Of
cl ogg: y %u? seeé1 )rrgi/ﬂbgélggqlgcﬂt%g%?&g g&/ae?fegllfl%%ﬁ%%g? of the laser
out putputy Gdichicgeals thel lases spatisize iféri perfeetiflaceinenss Aisttheemporal pulse

pai - U\, I fi | ses selected.from .. .
15551 Sefls (ACREEE e e TR Aol pRiioR TRerp B sh et ik pich

sel éeniev & yerdgrpipheing)t 104Biinto +0Five itidasingrcousidéragod

reduced i nput repetition rate and | ow average i nput

power for anplifier 212. If 214 represents a 100 Mz

pul se train, Phiglished®.8gPReAVEPHidatiEn 2002086981 € assigned to the
out put pul ?es of a pair wll_ be 10 nanoseconds.

Thr SEHSE OF HifcRTassat fnvestion apdeingorpotiedsby reforenes berein, describes
Pr e{ &R nYethftR a%ﬂ'%hbfs}fsgéeméjfg &ii"éclt IiaﬁEF%ﬂlgésqg OIEIQ‘SF fn\gftrée Links. The

be sufficient to prov rapi d rocessi h
2041 dopting] swb-sistemsraaridriantapwhichi geperallj iincludel avhighwsgeddh 8ingle axis

co Y VA i & §00 [or velocity control.

pr oV Rty ey (BB FERARRLMAR, §F Belth 19T Bl ure 12 s
t heregured.f Bpecificrefetenc@yis radeppl F;Bgilrf:w 18SandaRy fs ‘58 1f and the
: Eg‘? erlre%sgcr)lgcﬁggu tsleé/tleonlslo ﬁled&lers!:rri] iorne foart %u\ét?lep?ﬁ%o%at}o]hs 0? the ‘581

disclosure. Further, the focused output may include a plurality of spots having at
25  least one non-identical spot distribution or power density. For instance, Figure 17

of the disclosure illustrates a focused pulse used as a “cleaning beam.”

Referring to Figure 2a, a block diagram of additional details of one
alternative solid-state laser sub-system which may be included in an embodiment of
the present invention is shown. A seed laser (e.g., oscillator 211) produces a pulse

30  train 214, the pulses generally having sufficient energy suitable for amplification
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and | aser beam External nodul ator 108 may be used to
bl ock the | aser energy fromlinks which are not to be
w@e@omszses. Li kew se, dependent upon the spectP@El/US2007/061592
response of the anplifier 212, optional wavel ength
e used to nmatch the wavel ength of

1051
¢ E'é;@g fagaguicy ﬁZt@easef:%Ipé?ralaﬂséb? ofree BiABIG’ tt @ predetermined

3 f”
a3, BRSPS it PR oyl Adeast =
us gertadmoefcthe pulse traimis iangplified tmobthinst}]b nsopss_taeyﬂam?lﬂm energy to
I r spaci ng a . .
COTL101] RBRoh ol B REA R BRA AL pprin et
5 deds geveced (eegl aembval) [vairt acsuigaaa“ palp@! i@ p@mcaRef)ﬂsﬁddrmon for

o I i B S oS SRS et
cl avelage ypaeedThel lopeitivfidl @nbidbiatibhsS1dad 16 50 &hélﬁhermg tradeoff

Ia ed t erln i s shown. A pre-determ ned del ay
de WeeP ‘Ir‘%g‘%r@é? given pylse,dhe B\F!)mb%rsofmﬂiﬁe&eaﬂérthﬁ Fepetition rate.
tlms interval for application of a plurality of
pul ses. The conbi ned output may provide seed pul ses
for an opt| cdn oaerplterhptéve arFangemgentyshayn un/vﬁxgnre ﬁ’or(mot to scale),

10 pul ﬁﬁ,ﬁq P5f S¥UPn 9 4 B{é%%%sc))n{ﬂ@ﬁ' b?)sa seg?cz %%ﬁgble rnohulator

e arr angenen e uded
Cc omlraggermfnt 1681 (sumtmcuhdqmﬁicsletoﬂﬁﬂ@lf Rgure 1@) for prok¥ssing of links

0555 95y o e 6 Bt BB i R v Zopn ey,
Ap hbiveedri pﬂbrFtU nImpmrcam Mmﬁthe%ﬂx@&/ (iR (6 8k e(nerrg%' 1I:¥]e1 for link

i ncor por ate reference herein and aSS|gned

as SFYFBdEfAL FI%WB cREIRg, | Wivide deown,” on & PIllaGBlr:kmgsteratlon may
15 Maye uS&d t6dGaten er@ﬁtﬁmme%fqésig} Eﬁlggﬁﬁlj f‘%ﬁz v%l'pgh ﬁlgé é){ggorders of

controlling the se tenpora
30magaitysls bﬂq\& thqrgequb@nfi% off dhre deedi lase‘tolﬂtll rﬁ?mcexampté if R is the

PRI AP L T8 RS LA She B e o

rradétlteanmulagr a@ﬁswh@@eﬂf& n th%ﬂﬂs'bgiz seleeed ! e2¢4 %ﬂf Bsefifs a 50

I | th w't
3 Bl g eﬁ@?am@laé%s\?ﬁl b HEK BB Whenatooli00. Ina

20 0 ﬂeﬁﬁ ofit embadinteft, thepulke t1§§1 r@b&ftf&ﬂ%ateﬁﬁhﬁ de%ﬁ\tlgéd wg&‘l integer

correspondlng to di ode | aser” wavel en
hi §h€-sJ&XP) aBd vadethovarcarelasively smallomageuaswicmontmhe selected

| ap#lSes with the position of the link, thereby compensating for motion system

variations. Such an operation may be performed by controller 121 in either or both

108, 1081, and may be based on position and/or velocity information.

25 In at least one embodiment of the present invention, a plurality of
closely pulses may be selected. By way of example, output 103, 106 of laser
amplifier 212 shows three pairs of consecutive amplified pulses selected from pulse
train 214, a given pair which may then be selectively applied to link 107, while
providing a reduced input repetition rate and low average input power for

30  amplifier 212. If 214 represents a 100 MHz pulse train, the spacing between the

consecutive output pulses of a pair will be 10 nanoseconds. Throughput and
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wavel ength may be frequency nultiplied (e.g. ,
tripled) or Raman shifted with shifter 105 to a near

wo R)070920bl e, or UV wavel ength. Laser Paranet BEBUS20G7/061592
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Link Renoval Wth a trend of decreasing I:nk pi:ﬁh and

[ ' i.e. , fine pitch |inks), at | east ree. .

A TEPRUIOR §20h aisciensraly TFifed |FyeleEsvy e eeplifer ovB¥Gopatgion rate
a |\i'iﬂ!‘l)e1§31?ﬁwéﬁtht%%rodﬁ€q'9¢1i89i 'é\xﬁ%sgﬁgga&g% "“Pufte bh’demand”
or adjacent |inks (not shown IC y not require

pr sepabdityigwhilelimiting thexeompléxityraf sjystem positine andipgelocityctcontrol.

[ : i t{-0Ni accHrac

(o For BBy, Yigllee bRomils, SRTSORE, s apeaRpRE Sy may be

| i rakplied tblas emnyl srthned comsecutivklin ksgim’fmgtrelati{r@dloﬁ?ﬂ 113 ?f the link
' - axi [ f the at st. one el enen

1108 P oy, TSen ey 15l s FelDRins e cneray from

(HAifks whethedre b6t foit@\reccased th 1ink pitch 521 in the

range of 3-5 microns, the theoretical mninmumpitch

follows the fornmula: M ninmum Pitch = Beam Radi us +

o P e Rl ey U ) E o U8 ampier 22,
ermal effe
ne gptigfiabmwavelpegth ehiftep1@51 mine b&Htedito mmtcthe Madrelendth 30 the seed

¢ niy 218" 4 UL o IORARY Faofpitirait of drmter 212
abdadulatér subesystem, 108 ding dsd wareldngth Sifi@r1051 niyBeuséd alone or
2 s Su R 0 E i D Btof Somitallnk e e Gidse trapprakspacing
aband enégy lledelnasc appiopriatb e depedaing Mt §pesifRNidsin c1%iteria of a

capabl e of procgessing links with mninmmpitches o
abB?P?lc‘élaﬁ?Hﬁl‘iﬁg‘”{'assum ng a link width of about 0.5

m crons). However, as the pitch approaches the _
di mension that is conparable to the thermal diffusion
| engt h, ther Refering ¢etEgwiiet B yet hrothergalvernative arngedent for

i ' sianif.icance. The .fornula then .

e A A S B el GO s i
Er myitiple Bis&s Mithkdzegﬂyfdd lriggetritg i§ 8howah te‘lr\]@rét:ﬂﬁgtffnrgll%&e ;ifelg)é t(e. gt
Af f ect 5 is a asure of the . ect.
Th{é)e eaﬁ(iw%#]{égggfjp‘i%??em Yr-ﬁ?‘fn}’@e Bg | GT b ferr aApHeation of a
byplgfality of pblsesshEhecdibisied behiBMmafliptdwidd 884 SRRES kG £Mbptical
aﬁ%ﬁth yI Iger pul se w dt h. ?Ee ac?E)al va%ei)?or ;f(&e ptica
dei‘ﬂ‘l’ih @. For example, two or more pulses (or groups of pulses) may be used to

sever link 107. The arrangement may be used to provide fine control of the

temporal pulse spacing (e.g., 2-10 nanoseconds for a pulse pair, 100 - 500 MHz

effective rate or “burst rate”).

As disclosed in U.S. Patent Application Publication Number
2002/0167581 ('581), incorporated by reference herein and assigned to the assignee
of the present invention, the laser system may include a programmable digital delay
line 301 for controlling the pulse temporal spacing t2-t1, lasers 302, a polarizing
cube 303 for beam combining, and optional amplifier 304 to raise the energy level
as required. By way of example, specific reference is made to paragraphs 120-122,
194-197, and the claims of '581 for additional details.
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which material is nolten or vaporized depends al so on
the actual energy and power density on the target. The

wei2007/00802 Xt end beyond the focused spot 523 anBCT/US2007/061592

adversely affect peripheral areas adjacent to the
spot. In sonme cases, the peripheral area affected my

be several tidnasergyavglengthrithin uhesysieratlOf mall |gf:nerqllyebe if a range
rel gbbyg ol ?%'Olqglgr%g td rge[ 35 In¥icrBR Gfie fahter ﬂaﬁ%@éorﬁsﬁ&m to diode

| ess contro and | ess precise. case
| i iseb Wavclcrggthsrtsbmn haglnaypdedlteg@ommnmata@lsrrdy on¢ sxanypie, the laser

o P e SRR bt o s

5 di fiosastaimear IR,Wi¢ibK, 6PUV waekléngghiort | aser wavel ength

(e.g., 0.355 mcrons) may nmitigate the problemto sone

degree, provided the spot is properly positioned

relative to tihgel PitkmetdREMAink Rendgh§l POSI ti oni ng

tol erance 524 of the system (including the X, Y, Z

noti on sub- systen) is +/- . 1 mcrons (a sonmewhat

stringent [ |

2 Spot i ze. oFVARRERN oF Bherta B RS o SRR RE N M pitc

dellinks), dtHeast ahme pwaneten veed 38 bd joindy wonkdddredor removing a
355

ol Haaiag b 12 SEndhait f1t s Slasiy ks (ot shown)

10 abGiHicH mdy 'ﬁbﬂfe@ﬁﬁve pt‘b‘éeé%ﬂfgh (2)3hPlad¢ e size lofithe fffet and its focal

15!

20

pr OCGSSI ng lin y correspond to about 1.9 m cron
p| tdenth eaal quﬁwn@g 3BEHTaRY (Rigal the lasergeaamy waistyposition relative
36 &l?ebﬂuﬂ%ln':iﬁfgécdlﬂxgnstl&?s Pyl Er ﬁeda%(s? fn?(ﬁfb(ﬁraglhlﬂ ax1s motion
t e effect be

reduces HAZ. However, r ma cone
verof therat leastoanesiomesnt 1 b, tf@mnampteé anbl(cptisiheatcaffeetedaone (HAZ).
further reducing the thermal effect before inproving
ot her significant contributors (e.g., beamsize and
posi ti oni ng) Redgr tbeigure Sarwidchsls pitsh 5ZThia the dangeiod3-5 microns,
effect from IP nan cond range to the
RGP B &

pi éﬁ"s BW&c?la{Wé‘gmr‘Fﬁypltﬁ W% process the

finer pitch links. Further reduce the pulse width down
to femtaosecond range to elimnate undesirabl e thermal
effects Wﬁ‘y‘“ﬂ’é Pifchor RegmiRsdiug o Resitioping tFgror enByLink Wadth (1)
sever, "blow " ablate, etc.) fine pitch links. In
accor dance Wth the present invention, a limted
t hevhexs therthermmat effent by dhelasen Beamcie gpusiddrechnegligitieat
affected zone that is substantially |less than
cunul ati ve
For example, the GSI Lumonics Model M430 Memory Repair

System, manufactured by the assignee of the present invention, provides a typical
spot size of about 1.6 microns, and positioning error of about +/- 0.2 microns. The

typical pulse width is about 4-10 nanoseconds and corresponds to a heat affected

zone of about .85-1.4 microns.

The model M430 system is capable of processing links with minimum

pitches of about 2 microns (assuming a link width of about 0.5 microns).
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tolerance of a link pitch and a relative position of

the laser output relative to the target structure. For
wop@ramse; a heat affected zone (HAZ) di anet er POT/USHOTUD61592

0.3 microns to about 1 m'cron vvi Il generally provide

for inproved @focessn ‘F éch of 2 mcrons or

| ess. Prefera h‘?/\P‘It‘}h qur 3gkes the dimengion that is comparable

posmb itteendhengnal @lﬁmm&ngﬁl tﬁeemhlaéfﬁéctsowmﬁtthé Pegu;}LSthk 107 may
1 mcrons In

nS| ons &H % | ess t han
d| r &Y? Piqreasing Sigaificange. ;Thiesforé@m%mf@rl@gom@sg| i gi bl e).
U.S. Patent No. 6,281,471, incorporated by reference
herein, elaborates on the rationale for the use of a
shor Minifrysy Pilch e BedmrBagiud $PosiSpieing Eiroal 0/5 La®IWidth + HAZ 2)

Sjec it HAD weat AR 7308 SPITH Feafife il dhovemietioct. The
gﬂ bedtalffected zoﬂme(HAZ)ald %&m@llpﬂetémg?éec?b)tl %12 r:;ggts OVJ{]ere c])'_)gls thermal
W CHER{oR doBefbien Bnd IO gl Wity Thespotuad piahus fos the depth to

redwdlmli maaterial ds!flolter ooV apokiged hdsSHse’ dhv'th
Ther, mal dlf usi vity (relﬂgt ed ?eo%@HASZ gene#gﬂly var\ré?q‘mdpower

as UHSITE QRAPREIESt " of pul se wi dth. A short |aser pul se
general ly reduces or prevents heat dissipating to the
substrate below the nelting Iink and al so heat

10conducti ng | aTke HAZ may axtendriwyend de footseld Gpoi523 gnd Afversely

lin | mes fi erthermal

|t rsCpe iR Ao Db RER ok Thagmecfore eawingeal aren

c haaffacted magsbrb savagil nmep Qedate? thdh the @?otfxf%élf |y rélﬁ{m?’ Blee HAZ
ive arge vol une

ted 5b,
of éra% H&I& ; f/h Q@ gg“{"gﬁ? ISWOC%W%& lehle a@mésswmeexse aln the case of
r entinkablowirgy relatively W be FﬂlZ sﬁé‘ Hﬁ&?&'}a%rbed(;ﬂevmlrlg slgll}?rgg factors to

15 pr sure a}nd the recorl of |aser iatron
t3° PPRRE g‘&‘éPEﬂ‘FlPéO@ﬁ%W@d@Wd(nwghbmg)ﬁnksm d).

materl al may be irregular and include a non-acceptable

| arge statistical variation. Wth picosecond hi gh peak

pover pul ses A Hiffracticer liritedsporand beksiRisaoORalddRA (e.g., 0.355
| iy tntltlgatgl %nchg | on| zation where the

reflecti vm;% HeFollem,to, some degrse, previdaddhe spasds properly
el @ositionedieatativieytoi the Mok 2 HoweVért hif ﬁﬁcﬁd%ﬁﬁﬁﬂ}g%?érhécte' $2 of the

var th S ort, pul ses the l[aser” ener
gengﬁéxh?g}w@\éy *: &r Jéj“ioﬁ'ioﬁ SP%?E{C%Q Y &pd mhizerins (Qan somewhat
20 gersmngiehwrequﬁemgmr@plh HYspeb@ iRk iptd val ner al.l
becanes nore, precise ggndspget elrﬁrr(n ni S§§§B 3 ?%Fpléﬁll?gé‘ out 0.58
| aJUfrons may: be mgeded to deliver the laser beam to a .38 micron wide link.

Assuming a wavelength of 0.355 microns, and a 10 nanosecond (ns) pulse width,
the estimated HAZ is about 1.3 microns. As such, a practical limit for processing

links may correspond to about 1.9 micron pitch. Hence, a shorter pulse width is
25  generally desirable.

Reducing the pulse width also generally reduces the HAZ. However,
when thermal effect becomes very small compared to beam size and position error,
further reducing the thermal effect before improving other significant contributors

(e.g., beam size and positioning) may become unnecessary. The reduction in
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initiate ablation. Material renoval w th picosecond
pul ses may further include renoval of heat fromthe

WO a®e09380Dcessi ng regi on by nmaterial ejection PEDUR2N07/061592

5

and vapor). The |link renoval process at the picosecond
scale, for instance with the presence of an overlying
di heraal pifeqt fxpg} the menosseRnd; rapgs; to|the picosegond rapge maje be sufficient
M XbUpRcts fh%”ﬁiiét‘ phtt Ninkb! atFuPtﬁelarl‘lech efECpiEE RAGIMC 8bwn to

stress. Renoval of the target link structure i1s
gerfémsle%f’éis@ﬂg‘t &eb‘}?lmﬂé%\tmcieémblalthﬂmmeﬁfeﬂs mhay be avoided for
pr y f ] e

o RSt b AIGRY, bty Bl 0, P BEEAR®
shows variation in fluence threshol d for two exenpl ary

dielectric er|a

5, 656 186 an taﬁ‘ié’féﬁﬁ‘ﬁé Wﬁﬁeﬁgsgﬁtu@t%naggt & Rinited thermal interaction
érally) et ihia akRavvTeBied bgﬁ@tﬁﬁt 15 @ﬁHsgaﬁflhlﬁnleésrthﬂ Ginulative

W|t pul se widths from7 ns to 150

|_ettpleranggr o( gj)nk Pitsheang a relpgiye pppmog @f 1he3t;$¢; oudsgunrglatlve to the
el thr gk @R turk heFofrl MRAHCE, 4 Béﬁsi?félc@d'z%n%gﬁﬁ??ld a)fnéf&c& about 0.3
| oner for netals ( e.dg. times as a resu

of mﬁ@flﬁilt@j Bboutflrmisten will gmrdbm;tos'ydc f@eingwovddeprocessing of link

10 ﬁgﬁ’z‘? I al %t?d r% fea{ i g)? | cabg' g%éﬁ%’ﬁl F% E@g\ﬁhag},tth&pro&nonmg
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bartslpranse gfthe tasér ontpue limthreeadimensiotsl(e. gl ,MedshtBan 0.1 microns in each
|II strated.exa e. ( ra\(/li d&d ytg the publ i shed data
‘ﬁ&“b‘hti‘t’f‘cgﬁ‘[‘?% 1s ‘Jg’&il ¢raf megligihle).) (pul sewi dt h)

vvhereas 502 is taken as approximately constant (as
illustrated Above the breakdown

[ tb 186 pat ent%y
point, an ap&?ém e Neu&rBlitde ineorapraind hMI t9§eretmt herein,
| NeI®BRIEDNAE ka{onale ¥ thi u@é‘bﬁ@sﬁ@rf tedh Zﬁe F]l Specifically,

particularly at the nanosecond sca er|
pulc8k 4uiliaeSafeolnd lineckhkelabnuatep on the dfeclnedeﬂreasmgayﬂectwuy to

tyg:hgﬁivgéogﬁ x%bl% Cﬁkg glﬁgeé{a\fm ﬁrgrgm%eeqﬂpg ltrqe\t,ag (Eggl,structure

t hée. gy,palmninuhﬁse rgreutdrsthamiabot 108 WaS#, lafeflectivity of the target

d, f h cl to the
CnAPIGEEr o rRiCed R iafing' 6 tlen B ensbh ipBraveds o Thermal
t haiffuelisy (FEled ko HAeZ)Rehel) 96#iSs %rtﬁe @%%(9 £ phiRe Yidth. A

the preseént invention produces reduced

st élt% faser pulsg geneselisoreylucesionpresents heas diSSlpktmgetrﬂmashbstrate below
Pr @SS e

t her rratlﬁtlg% (lnlyg glgpa g&ftr? er acbé %n%%‘%g’ [218 éefraég‘é?“guws to the
pulisk. and the material is mainly a thermal (though
greatly reduced)

As the link pitch becomes finer thermal interaction with nanosecond
pulses may be increasingly chaotic, resulting in poor precision for link removal. As
illustrated in Figure Sb, a relatively large volume of material may be heated and
melted, and material removal occurs through melt expulsion driven by vapor
pressure and the recoil of laser radiation pressure. At a fine scale the shape and
volume of removed material may be irregular and include a non-acceptable large
statistical variation. With picosecond high peak power pulses the interaction may

become non-linear, initially with avalanche jonization where the reflectivity is
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process since the |aser pulse wdth is |onger than
that of the breakdown point, and preferably close to
W@ b@7lopsakdown poi nt. The present invention w PCT/US2007/061592
generally provide an efficient |ink reanaIbprOEess
rather than a sl ow etching process defined by the
opt iTeduced s cr prsplpfdBethigh e eleciren glensityoin metalyrwish decreased
of r 1P 1945 P Rlg3nerally confined
inggﬁtgﬁéangr&g omﬁlltggpﬁt %&? tesrl a%%dtgpen entg% ﬁy
| owd® 2 Hin dpyerhandy Uammm@n tgen@altlsh ecedrorrapilys o Mater1a1 removal
e r
i el BEARE hore brebet BAMUALRRISRE S sEShRl 1 38r yence o
Sbolnitia@ qhiatioﬁ nMatemalnrﬁmb% withd pitosezoge Iparseé may! fasther include
ose ond and w || gene
ot APAPPRLPTHya; RETHOA fest PcrBine, Haion i Bissiab Hection (solid and

Geneapodr)y "ﬂleplllﬁlé‘f-érﬂdvql Brdéf:sstﬁ thOEi%&%nd BB LoP 'i‘ns‘f!ﬂcé with the
in the range from above the breakd oint to |ess

t haPreseRes Oanrp QVerdying diﬂcﬂecﬁﬁg/ layer 1991 Iﬂéd rinReyclapys1Q92, may be a

abo
0l 0, A o e o v
1bhs targetolink stm@:tlps i® geladnaiut asﬂs&tq{dsb}t h:eamlnembvaﬂi @Froms a liblkeprocessing

typeeiPY B ERorEfeCuBl A HE Py FARE 200 Lo By ik ror o

cost effective as conpared to fentosecond :Caselrs A
significant difference is | ement ati on of pul se
co%‘pr ession f& W%’n?ﬁfé‘é@@lfdr{:p e P& shoMs variatiogrin Huence threshold

POVVESr thvalexBfiplalaRIeelR d'uﬁéﬁa{l? (- g sd iy td) Phte ulIQQ o4 @5@ 1?@and the

interaction Inthe fentosecond-pi cosecon

For pglglgzﬁgpléDu@h flohensereinduged Break%mndwdumad(; Iomzatlon m SlO2 with
15 SPARE Nidkns i AACRSPSORS kRSP A6 Lo Ohin B, 1994, pp.

bac RE7 LAV aAd iewplkinownt tie fluence theshblinis @sacraliyl much lower for

Car SR EE- 08 B e AR % e GE Bt SishPotreiérBon densiey.

and Belv greobreakdavagpoide theabreshéldrsoat 502 aasies W haefdl but the
sol i d

| | .
The i dtal SR %ion: GRRME 12 erotfabitonin genseoksHEOMAIL Tn the
20! as @lus@bied ex dpl@ Qﬁ@wdw {vith It ﬁﬁﬁaﬁaﬁgh ?gefpubﬂpitﬁﬁ%%l varies

is accorrpanl ed with heat conducti on an t1on
mel 9%31/ (pWsgaviglshy mibgreap, &02 is taken as approximately constant (as illustrated in

the '186 patent). Above the breakdown point, an approximate square root relation

holds, but increasing variation with pulse width is apparent, particularly at the

nanosecond scale.

25 A characteristic pulse width of the break down point of metals, may
typically be about 10 ps (e.g., see U.S. Patent No. 5,656,186). In accordance with
the present invention, the typical laser pulse width is less than 1 nanosecond, and
most preferably much closer to the characteristic pulse width of the breakdown point
so that detrimental thermal effects are negligible (e.g., the present invention

30 produces reduced HAZ and statistical variation). However, the link removal

process of the present invention is generally a thermal process. The interaction
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target, for instance a netal. Wien heat conduction
into the target is neglected, (which my be a rather

w@radmIzsesunption), then the |ogarithm c depenBent82001/061592

theablation depth on fluence is also generally g
ble w i cosecond pul ses. However, processi

S‘?ﬁiﬁ%ﬁﬁ?&%’tﬁfe g*}%ﬁe ABdtie materiab iscnaiglyratheimal (theuglr greatlyarsduced)
MG gR @v?ldtﬁ fonight th@h tifa? F AR br¥Swn point, and
pro%gagtg?glﬁggﬁllh&@?na& on ol %Fargedfaayer q! ﬁ?’ &
mat RIEfezably gloseita @ breakdewn point.Pi cosecond Laser
Ablation of Thin Copper Films, " APPL. PHYS., A 63,
117-121, 1996, discl osed results of abl ation
exper i nent s \iferresentiolemsionsiil géhelrzillyqﬁovﬂe bR efficRAPRE removal

5 o (BeBRraliBnty ahucing oot R e lBe omfia abscsptiandepts

vv| dWllush Gramdy en thehwdertdfa féh&faﬁ&h&éﬂsﬁkf ?ul@éifo? ol 6’ftrﬁet9fs Since

1y foll he square root
g RS DR % atirciah pesiders theolontr 2046 f e phbworidth is

h e aherbfb?éjalﬁd Aidieria] de%@hdiznh eat dlﬁﬂnﬁ’xﬁﬂ)aﬁs% %?é’f?}re@ éultséawgcﬁfl may be

| when conpared to nanoseco
gﬁltlg rélléearapﬂe P g\’?gglcslseéﬁmbk(p@tto BDa@-100ps. VMamﬁlmmﬁrpulse width is

th
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waherteigeted gpnelalBE@bi. o@ﬂmally@ml&r Wﬁiﬁﬂoﬂﬂhe fph@eﬁtqﬁvéxﬁﬁn will

1 e R G b RA S heif et a%"%mwm may

delbe imnthearange$0508H oliOT0-46WHS) for' &@16@8 A most preferred
var i tlo i.n,the material renpved y be si nt

(epb wadthis inhe gapge 506 pEabany 1Gipsstorabbat 40, of abouztl 1|o p3n6labout
colsb@geral damage m nimal . Hence, the benefit of a

pul se width fromabout 10-25 ps down to bel ow the
breakdown point (typically Iess than 10 ps) is

fit
0o oy T oL LA USSR by
po%inml@nlmqeerehablel apd @wblmnand Port NesP \effedfie 9Y Q{oﬁ{sﬂa:ed to
{%ﬂﬁbg E(S In additi e cost of fentosecond
soUT Ces I?Vbﬁ Is}gylfﬁ:ﬁ@t{{ £Bce; if, Hpplementatinm of pulse compression

pi fonfemmsetond gefieraticit 6 fig h?é‘e[kt mr@m s fiDber laser
based pi cosecond | aser sys K proocessing

i ncludes renoval of a target structure, typi caljlyé a
metal thin fNhmerol§ eréféﬂéheéss fﬁr%cgfa{)gratc' urornOlimtereactlox}/ in the

maferials (e.g gaSSI vat
emtosecond—plcosecon pulse range For example, Chichkov et al., “Femtosecond,

Picosecond, and Nanosecond Laser Ablation of Solids,” APPL. PHYS., A 63,

109-115, 1196 provides theoretical background and experimental results.
Femtosecond pulses were found to have thermal conduction into a target that can be
neglected to a good approximation, and the process regarded as a direct transition
form solid to vapor, resulting in precise laser processing. The ablation depth has
a logarithmic dependence on laser pulse fluence. With picosecond pulses, ablation
is accompanied with heat conduction and formation of a melted zone within the
target, for instance a metal. When heat conduction into the target is neglected,

(which may be a rather crude assumption), then the logarithmic dependence of the
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| ayers 1091, 1092, substrate 110) having dissimlar
thermal and optical properties. As such, sone

woreorioszsas eri al i nteracti on nmechani sns may be BOWESIAT/061592
conpl ex conpar ed to mat eri al processing interaction

W|th a honogeneous "bul k" material. At_|east one
nablasiognd @gh o fluppggkisyplge rgenp@llyyms(s,@h yiinpicasecond pulses.
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o oyt P e il b Berafs S o much

f r agotepomplicathd aspotsukt oé thgymalhaaveqmpagaem gnd formatidmeof a large
nl% Orﬁﬂg{eﬁ %E@rﬁfaqs careful consideration by a

processing equipment. In at |east one
enbodl ment the | aser wavel ength is less than one

S sral | er spobgtergh: TRisSieE Lok abABe: obRncapperims.

r edaered midsse AWeslt 117-82 nceodeh thledi Q§§ult§RﬁTab‘iét¥(ﬁ1 Experiments
general |y proportignal to the wavel engt h, any

r edﬁ%qr?@rhqlw Wersedrdlegtin thin qopper Blascon &isad siliga psiag picosecond
§e§ OR1@bui'Figh 'ﬁﬁlﬂ#s?t? &l;‘ﬁ)g ﬁ?ﬁﬁeﬂ%‘%ﬁ%ﬂb vaflfhg éreater than

ad tion, the de gener al”l

f orth@ ﬁbarg@qrést@gnﬂsesw@él of the lmml@hwntmmt\mnehﬁyl golhwy the square
10 FO'yo f‘%fg?loﬁ%hlé Clﬁe ?ed%ggiflherap foéc ?Sde dne:agg éodv've]:cr HeRTbALP provide rapid

[i m 'S appr oxi ha

subentmg alal teynovabaf fayget a‘mmrla,l wiea eptnpateld)tdp nhnésetom MidSlonger

ey g ey pE P Tbio0f SN e abaune 3uhven inetsr spot
| S remdver (brl me(hvgralgb)? BSOS . 14, ﬁgm‘i' lof fof ldl ‘i)@r lehdH 1(5\2? Ipulse at a

sot slzevvl | be reduced by 20% accordingly as

eWaVC e38htfr LY haiapys. o Comparisasnef thessesults With, the dmown optical
15 fi %sd}btti&f‘de%ﬁpﬁ%g?ée}%} 3 gw J%hé ﬁld%teh?f‘ﬁ h%;{l %811&%88& generally

1.5 mcrons'is nost
or detegmpinep rﬁhmblatmepdn eTherpuls¢-puelse vmﬁattdnem phesﬁmtehal removed

un o rofil
el 7, bOXierBRr ¢ 802 T choReRtr afie B Bines"Blpsvely small anc
sumoﬂgatstabd&mmwmhmnulsed (see, U. S. Patent Application
No. 2002/0167581, for exanple). In particular,
paragraphs 133-136 illustrate how a non-round spot may

i mprove ener QenBCihe %ﬁ&it%f@%ﬁls@wﬁdtﬂ Krdrfd aBB tI ﬁf‘ﬁ p®d6wn to

enbodi nent. Material variatio varl

20 \wh delont the pregkdowmpoins(typicsdis dess deﬁle]@tps) Grgeasraﬂy pmogmﬁcant
b [&
oy aCoted (B 36PN b5 ACLBNS oBl Sl i Bop g ggpitioning

as etiee ippreveniest dwctheasedall Immlclatabmy. In addition, the cost of

femtosecond laser sources is typically much more than the cost of picosecond laser

systems, particularly fiber laser based picosecond laser systems.

25 Link processing includes removal of a target structure, typically a
metal thin film. The link is typically surrounded by materials (e.g., passivation
layers 1091,1092, substrate 110) having dissimilar thermal and optical properties.
As such, some multi-material interaction mechanisms may be somewhat complex
compared to material processing interaction with a homogeneous “bulk” material.

30 At least one dimension (e.g., link width) is typically on the order of a wavelength
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be a netal (e.g. , Al, Cu, Au, etc.), polysilicon, or

a refractory netal. At |east one layer of Silicon
wOR7i00280% Si 3N4) 1091 may cover the link, and BCT/E§E07/061592

of Silicon D oxide (SiOQ2) 1092 nmay separate the

substrate 110 and Iink 107. However, in sone cases the

i o vikible op UV lighto\Alse.awith fineralinkopitchrteghaglogy that is emerging, the

Addi ] | co i tie i

e te e ofch yBleF 3R hcloBt rdhhhe ARAARCA bl carctl

gervonsiierationli gl acdesignsr (of. ink ,proceasikg pegjuypmentc In at least one

mat er.i gl s each have a substantial effect on t .

optrtfnsh {8 YaseE ot @ 1 i P g fof autlp ) microns
5 r angdesh €5 athievehevyaxedr apot dizé on dhecladiein éondectionewith the reduced

absorption edge of the dielectrics 1091, 1092 and | ess

theﬂ\’&h‘@‘dgbsorpti on edge of the substrate 110

substrate danage may easily occur with |ong | aser

pul ses. Link 107 may be substantially reflective at

the | aser wavineendhen smalesicspot dsine ds wganerallye pppostéonal to the

oo GBS pep i B Blenty SR beholl bl B8 Rhllidn of e

he rseallese spatsize adhitvabien limbdiditidn, nige doped of foces Witlodena@lly be larger

wavel ength region. The | aser wavel ength. is typj call

10 5o ot T Pt B2 ah NtgDoRrr PRLTeREe dior Exab Blporar 4 1064 m
1094set Ofe diffriaétion limit@NSpot ¥REW SpproTsnakdy (iNQ] dbSiafitial i) early,
will general|y correspond to a substantially maxinmm
t r ARG t ?SS?@“’XI@@ bA, miggpng \(diffragtion, dimited; ePgasiae vt i(egnstant)

| aygyave %tﬂ*f nemB&¥ of %ileo?enfs)a.t Owher! $ %El@n@@? “luced to 0.8

f
sem_con%u tor nenories. Referring to ure
t yphigeansy thei diffragtion hintited spbesirpwilld be cedifced by 201% aecogdingly as

at m, .t ur .Slico h rption bhein

15 3 AR T SERBLRA Ry, 6. it Yooty T AR iR profiside a spo
shewe)ofdessehal about hnyésorshie ﬁadime@tdndn?m qbriféliablySI fiéron or
near. | R absorption. edage to.shorter .wavel engths.
s AL g B ERonGEnt OB e fFhiet o befbions spot profit
pulgkigs hadelligtiddhspdt pko@fted gL snasitirphidioplicdl R8b-system) may be
substrate ag:&one or, mpre. materials to avoid )
SuBSed (66 Uimigint 4pRliradem o (16358 o der exampls) ¢ by particular,
wa S8 ; ] . Y

20 {ORIEEAS 139936 AR HEE U oA gl RARES enclosure
mayvigun adink|ig at leastronc embpdimenal s, or di el ectrics. Such
nodi fications may al so be used with the present

invention to further enhance performnmance.
Material variations (e.g., variations, whether by design, by process

defect, or as a process by-product) may be encountered and are generally expected
to further affect the process energy window as the pitch is decreased. The link may
25  beametal (e.g., Al, Cu, Au, etc.), polysilicon, or a refractory metal. At least one
layer of Silicon Nitride (Si;N,) 1091 may cover the link, and a layer of Silicon
Dioxide (SiO,) 1092 may separate the substrate 110 and link 107. However, in
some cases the link may not be covered with an outer layer. Additionally, the
presence impurities, dopants within the substrate or dielectric layers, and next
30  generation dielectrics (e.g., low-k polymeric materials) may each have a substantial

effect on the optical properties of the materials. In a wavelength range wherein the
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In accordance with the present invention, a |aser

wavel ength nmay be in a range frombelow 0.4 mmto
WQ@R@an9IBo55 mm Exenpl ary wavel engt hs may be i PCT/H8200%061592

range (e.g., 514, 212-266 nm), near W (e.g., 510, 355

nm, visible (e.g., 511, about 500 nm for instanc

53 2wanejengtiviis igeeater IRnshe shserpiiop sdge ofthodiclersizs 3691, AOﬁ?oand less

oo Pz oL B8 54EHET 4 Wt e ey st o

vvavwitlehgighasealpglsesA preferred wavel ength may be in the
range of about .18 mcrons to about .55 mcrons. The
lower Iimt may be determned by the absorption of a

llayer. Wth sjinkqomnns ?»métsﬁagtﬁﬁlanp@éﬂmcﬁb@@trmé LRer @Mlength In
reflection increase at shorter wavel engths. Over

5 wa\ASeRIdgRde Witlhiie PERseRitiBycBEen.ithelasgr g wgwmwi ggierally be

PT ORESW RS atfsDARDA dba BR tHeCsibbtyaté ARAMMBRRT cobfRspond to an absorbing
dielectric-1iKe properties to netal-like properties in
t heandiorrrgflgesingrugvelsngthcrssion; o?hedl@seanﬁavslqng@olﬁ typieallycrbove the
t he r 1 $S| a
rerfosOipkR et SARE Al AMafOl 1B013092 SHich? BFone cxample, may be
vi sinbtganiendndedll gedéralyngersespdipkota substantalynmasinum transmlttlng
curves far typical |ar hand di el ectyi

10 gertEley Porbleel Rapsan Passt BRI - Bocablys SO, et Red with

t sethicbNduory Shepiiidds. For exanple, in HANDBOOK

(J: LASER SCI ENCE AND TECHNCLOGY, the transm ssion
range of Silicon Dioxide is specified as wavel engt hs
greater than g I+ ; :
both Silicon l\ﬁ;lftgrr to F%xr@ﬁf qg@%l%g)%?ﬁ{eﬁlrtgéna%hgﬁ%n coefficient
rel(atg.vet yodrmmcmperaﬂuee)waSmt@, rthei@bsarptiomt ®€ing Meryahigh at short
gr adua ncr.eases.in. t rapge. | he .
o it Rlenkis G R0 PhBink e YehBhEGirallysohRessdhe abpgaption and

15 of dhifes thelasar 2R ebsdrpgow 'dﬂgd%toeﬂfbfrﬁy wieoehdtis. atPubhﬁhed European

s R O A

( shabbteate dﬁﬂi Bn®forf @6#S InaterAls & Qb(ﬁatsfu'b§tr§tb‘ rcfa?tﬁa@e With such
reflection; (c) beamdiffraction;

sc anpdifiraiipns @ ghorter wayelength Jasep §anst @ rsqluqeﬁrsgeq sig@gprovides for
( e)reﬂﬁg fo'llnkg)fltl:ﬁcﬁ‘hg @hlél(gffk?gcﬁat'EﬁXIS\ﬁ?%yybe%%ﬁlst P&ractory metals,

ocuse [faser beam nuneri apertu
20 nul ari di¢legteics.i Suar medificationsamay 4lg) berosed| withe tre present invention to
abs I on vvlthl t he mcrostructure(lf the | aser
spo tﬁé ?ﬂhglbc rrfey r%‘g?"‘tl oned in three dinensions then
at the | eading edge of the high peak power |aser pulse
the free el e;['tqron ensi t n a netal increases the
absor pti on, Jeqr leé,tbgpresent invention, a laser wavelength may be

in a range from below 0.4 um to about 1.55 pm. Exemplary wavelengths may be
in the UV range (e.g., 514, 212-266 nm), near UV (e.g., 510, 355 nm), visible
25 (e.g., 511, about 500 nm, for instance 532 nm) and near IR spectrum (512, about

750-850 nm or 513, about 1 pm). It can be seen that Silicon absorption varies by
about 1000:1 throughout the wavelength range. A preferred wavelength may be in
the range of about .18 microns to about .55 microns. The lower limitvmay be
determined by the absorption of a layer. With silicon substrates, both absorption
30  and reflection increase at shorter wavelengths. Over the wavelength range of
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removal may occur at a rate faster than that of the
substrate. The substrate is irradiated with off-Iink
wen@992802. g., | ower peak intensity) and has fRUBUSINN®BE61592
el ectrons than that of the link. In order to process
n thick exanp

al iR B SBR setpiehdithor opettinn Chmet HEmBiselly feorgyacar IR
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)1(| %’Jﬁ_\%@%@b Y?lrﬂﬁﬂﬁyz \%ﬁ%ﬁath@ﬁgh tBX %H@lﬁi&@lgaﬁﬁraagﬁ Tagg%sr Spectral
Swi t lragsmission siipves ¢ér typivak laoge, ba:ddgap)diehaetr:iﬂma@yiars Peférally show
0, 5 n
gondPE 8 WARAMIGT guigRel S veal UK eaveliabils. arreample, in
t y p iHxalDBOAK 08 IIASEIHS(BIBNKQEAM TECINOLOGY, Eﬂleéhsm%bhbﬁ $ange é)f Silicon

I'tiple pul ses may be use
ey O o,
r enoy bothhgilitom Nitkide apdi @ﬂ%ﬁ%%%lde%ﬁfaflﬁy&%ﬁgélg%&‘%fl the visible

I vi de a range of about
105 e Tl 5% 200 tmd gniegaduatipcwees i g UViranga at e, An
exenplary range is I ess than about 1 mcrojoule to a
maxi mum of 2 m crojoules. Preferably single pul se
processi ng wi Hithepredatsrmsined wasclength isbelow an absorptlon edge of the

05Ot P W A S S e o

| n Wwinsloghinayl berincreaséd b}n at kaa&ts?agf i @%hmmgvergéﬂcbl(maﬁow depth
nmove

oL B LIRet SRR S6neetig 46) pem iBrastiamn(chr wultiple

I e
15 jr g ;Jdéoag?r(ngl(e Igamgdtuﬁédl %dﬁhﬂ% (e)pg% ldgigl'gs“')a (? 1nt@rdfa?fé‘?lte%t§dnlcmlhkch may
may V¥ V‘fla)etat? used lasesibegmaumerical apertute);n(f) meltblagér interference;

h
ik Rt pBRth b2t PR e b0 propery
ax eRositioned wrtbrenaimensivas theant thefledding @ige 9€ e hl%h/ ﬁénHk'r;fg?gr laser

i e L5 DRt o

20 ¢ ecmmoed may oceurcatad ras fister A eHal of Yhe Subshidle! eThff] substrate is
Enbodi ments of

raction of a |ink.
|to: g}slg *eﬁgvﬁh quﬁmﬁﬁ?ef&l}'s@ g nlaWraepeak gnignsity) tandolias fewer free
electrons than that of the link.

In order to process links less than 0.5 micron thick, for example,
aluminum or copper links, the range of the peak energy density (Joules /cm?) is
25 about 0.2 J/em’® to 300 J/cm?, with a typical value in the range 2-80 J/cm®. The
range of peak power density is about 5x10° W/cm? to 1.2x10™ W/cm?, with a typical
value in a range of 5 x10'° - 2 x10™ W/cm®.  For a 40 ps pulse width laser with a
spot size of 1 micron, the pulse energy range for severing links less than 0.5 micron
thick is generally in a range of 0.001 - 3 micro joules with a typical value at a range
30 0of 0.02 - 1 micro joules.
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cl osely spaced anplified pul ses, for instance, two or

nore pul ses each with about 50% of the energy that is
w@erenadshy required to renove a link with a siPgl/@Es2007/061592

pul se. Pul ses may be selected with control of

nodul at or sub-system 1081 within the | aser system 101,

ext ernal noduFiiResra suge pylse eFmudtiple prlses waybr wsed Grfemove the

th fre .l

spori Hasihl Bbad LRisky BHcRYBHRARAS e PSSRy syjgem is o

on ghmeeably prayidbe ra@eeaft@dutbhsédmoro mujes epenlpulee afl ané@iKHz 120

hysj.cal roper e. Q. i fferential her nal ..
P YR bE eniiRBTalel o Wi iemulary uBhE i e, AR rARRS 1 icrojoule to a
5 Ref @afiiach 62 ﬁh&?bﬁl& Peefétublfsingle ;fu%‘élﬁré&ssﬁi% Wil bdivnplemented
way of exanpl e enpnstrate an effect of exploiting

di f Withe#h i ospillafosramplifist sonfigprations fer |mswwanéhet ﬁ@eder/amphﬁer
und&;n!f ngioﬁldp§ Jvﬁ{filt‘ lreeﬂpve the |ink wthout

damag | he su strate y appl ying two pul ses having a
pre- determ ned del ay are shown. Accordl ng to the

simul ati on rell‘%UOnte CHIaVI nge'?xggf t(hl rese g%n, Iggﬂ}ﬂleepulses may be

nanosecond pul ses squ
bl asted t¢ eergove ﬂmﬂllﬂiU\klﬁhE&)plWSEdfblﬁWs&@B@m povidlifigsatnigase 0.001

bl ast" en nterestin The

109, SBlero ST} phioue b des pSE Hitiepdiing Taiep! dolspst 1MH7. The
verpuléed apphéiieane fnk enal ?rhﬁ thdatdd. as%sﬁé}@gﬂlsb HorH itk /Fefhoval during
theresuts i ndi cated the substrate to stabilized

t o Telpbive MRQHoBY it thres-dimersions between the lipk anrlaserjbermi@e., 5-50
01&91?§& AGHZOXEY ¥xd§S] eﬁ%ﬁnﬁé?ﬁ’ lof @il ﬁ}%se%t CPvc:ntlon about
si gni

I cant fferent|a t errra property. Base
t hel 3-3@& pulses, mﬁyh be applisdcht palewltmnlrategwé 8r180I MHal,sach with about

15! €@fe @58 the efi'érg? lﬂé%u'?ljeh %r . ue'n?()val Mtﬂl%T sru‘?é]P %ﬁisz: while trg&ersmg a

resulting rn an anpl e,
N+Eﬁmmma{ﬂadkkd systen1(e g., plcosecond pul ses) is
used, the spacing between consecutive pul ses of the
output pulse train may closely match the

pre-deterni neﬂnsmeﬂ@ of tHe prededt! ifl0dntibf HRY & ifdtadd urahty of
|sé§e3| red, % -speed nodul at or arrangenent nay

osely spaced ds]ga%ngcg ipftaneq) &eos0lMOE Pilsessrch w1th about
pul ;
4 oA A O 0 i e
20 seclydeps II@EVebe wiaeyteldemplr eonitngd df medwlhtonsubi-syskiny 10&! Bithifidhe laser

g 104 Bbttgd i B 0] 1o CHL R St Belrd

may be generat ed. By way of exanple, g-switched

m crol asers y be used to grow de pul se widths of a
f ew nanosecorng<d myltiple pulse process, the temporal spacing between the pulses

used to irradiate the link on demand may be selected based on a pre-determined
physical property (e.g., differential thermal properties) of the link and surrounding
25 materials. Referring to Figure 4, simulation results which, by way of example,
demonstrate an effect of exploiting differential thermal properties of a link and the
underlying substrate to remove the link without damaging the substrate by applying
two pulses having a pre-determined delay are shown. According to the simulation
results obtained (in this case with nanosecond pulses having a square shape),

30 “double blast” (e.g., two pulses) with 50% energy of a “single blast” energy was
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repetition rates of about 10 KHz - 100 KHz. Further
processi ng of the nanosecond pul ses nmay occur (as wl |

wheowsioozsnd for exanple, the enbodi mrent shown i PCHUSMOT061592

8b) wherein a high-speed nodulator is used to "slice"
or conpress the gulse to the picosecond scale,
f ol chedterﬁyn@mp"l“ o Piticen substratg genrsallyiaatsnay asherae biak iand ceals down

f\gg%‘ré’a%‘g&@% %ﬁh@%g%ﬂ &%Wfﬁdf%gre 324 fésﬁl@st indicated the
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wt REOPRE) a5 B Bs s YabfioREIcARE a it PHencal therma

n_?fdp@ft?; HaSéd briéh2eufts, the s&@nd ibﬁl%@ vﬁfl g@lQerally also clear debris at
oseconds to a few pi coseconds e pla

Shl evtchitgdi-of linkaemawad) reselting illsalgemlaﬂlmyltnegl i gi bl e,

as taught in several references (i. , Zhu et al. ,
"Influence of Laser Paraneters and I\/ateri al Properties

on M cro-Dril I, digr exampléent® MldompdedeckedRybtems(e'g., picosecond

e S DA S Ui

pi colwsely mhtcpiuﬂhs qm;e-ﬂetemmgecp s;ﬁ\:\:ztgr éf;:b Jwges aempaetiahspaoingris desired,
ther do oji nt and sonewhat, | onger (e.g. , a

107 o SBoPSey BogSisft afGRRSTIETh A9 555 Butekshalins biadenceay pulses
pr ovt geoup OF ptiﬁési gor GQHPI. NA HEher @é&'ﬁtl@ﬁ‘ 84t8 Yna! g"lﬁrhse%to decrease
nanosecond pul ses. For "exanple, pul ses nmay

r anthe Pylse ssararalspagiag, o5 a sewng dasermay hﬂDBllomded es sttoiwn infFigure 3.

t he r. i r

aboIJ%na i FPgé 18 jﬁﬁseg gﬁ hﬁﬂn@%%ﬁcsgéxg {iﬁnla e ﬁnﬁgpggooui 40 ps to
wi t h00 phapet sgacﬂ‘dsbjsz 10ars ma}sbagmera‘léd BBy W&ﬂﬁﬂnﬂ& g-switched

5rraym

vapBITRRST Y b aReE 7 mBiof iR i o B aagsepnds at a

sc atdpentmh A opabsliy 46 KHbsI0oKHz! Fiirfhet pridkessig o Yhe nanosecond
can reduce the rogi%es energy w ndow. Hence,
t hoBl FeSaIMaY Gogur &3s }YFE Wa. fon §xample, thseerabedimgnteshiown in

to Righd 815)%&%@'3%’?{3%% Ridi®Igiof R‘rus&i‘ﬁ) RUEP oo ?ﬁprﬁss the pulse

"on-the-fly" renova the overall 1 nteraction o

I as@rd\‘RAR‘FPSF?F@dn%@F |fal10\a¢ddbb ragpdidication. r Fuethers details belating to

208I giéhfpbfaiiﬁﬁlké’ srﬁgfnfger{l e Mﬁ‘& R ‘#afént Nys. Y 2§’1“hflea§1d 4,483,005

25

30

spacl ng ast séver

n a n@é@&@h d@f fel@@ng\e@lae mdth’@sasslgnmﬂste dhe agsignedof thaprdsent invention.
6, 552, 301 di scl oses the use of a burst of ultrafast

| aser pul ses, each of the pul ses having a pulse wi dth

| ess than aboOthed Physical pacheliies Mgy de te'xﬁl@ité@pav fth iR application
bet u trals'holrtngdl;gs qg egrlgulélrgeﬁgrlglg fg;( gllstoalnge 1tn the range of 50 femtoseconds
to a few picoseconds, the plasma shielding of the laser beam is generally negligible,
as taught in several references (i.e., Zhu et al., “Influence of Laser Parameters and
Material Properties on Micro-Drilling with Femtosecond Laser Pulses,” APPL.
PHYS. A 67 (Suppl.) 5367-5371 (1999). Though not as efficient as operating in the
femtosecond range, picosecond pulses having preferred pulse widths near the
breakdown point and somewhat longer (e.g., a range of 5% to 25% longer) than the
breakdown point may provide for better coupling of laser energy than nanosecond

pulses. For example, pulses may be in the range of about 10 ps to 100 ps, and most
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persistence of a selected transient effect arising
froman interaction of a previous pulse with the
wWo arogep2sant eri al . Further, "Laser M cronmachi ni PQT/o82007/061592
Tr ansparent GI asses and Al um num wi th ps-pul se bursts
at 1054 nm " Herman, CLEO 2000, CDF3, (2000),
di serefssahly imthe range of shoup 1) pe tosehsar 40 iooin mrammf@bout 10 ps to

I u ti t X ds!
SRS S S ARG bl T ngace 1030
t | rmnpmcendsa imayche sevdselyaiegiaded ek arswhof ejected vapor/plasma/plume

M Bt SRR e el LA nry

5 abowkich cas rednce thegradeshemdge dimgpsoseconds.  Addi ti onal
pul ses may subsequently be applied for efficient
coupling. In a related work, Lapczyna et al. [12]
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of idfRPachidh o theWsed with PR rﬁé’t@%'aﬂg Pt czeggzlﬁr%gﬂ?s may_be significantly

pul se-to-pul se separation on1’s
or differsntywhen 3 plurglity ef pulsessach withe téroporabspating of layléast several

0I ' %ﬁgsree@ gireggee gugslg f‘s)t?s fg%ﬁ@%&w@lég@%&[ %écloses the use

c oraf @slmmdnf niirafaso fiser puldes ceach ueﬂﬁ?ufsef héﬁﬁgEéi ulse width less than
varyin |ckness.

ORI 284 B A e Sean@tios ety mdiifal awises (o explot he
scC qiemiistémetdﬂal seRicted RftnsehZ&fect §ﬁ§in%?1roxﬁ ﬁt@ﬂa&gﬁm& a previous

vvoulflbelntheraneo tens of nOJOU es an

comU{setveitht the target Tl oviuder, e tisereMieromarhintrigeof, Transparent

d t
15 V\hglasl%ggﬁ%}}gﬂl\%n% ftr Qﬂﬂfsg %u& d@{{ l%g}ﬁmr esirlmax &EE% 2000,

i ntCE GO pdiselesed thalra—'l iS mspulsalsqmra:ttdnqmtlgﬁtéﬁ plume absorption

092 t he
a8 fo YorhC oRef. A eyl bR arereniected baseg oarteclast) a
t helnia intervat foreyubwantiad Aesipadion Mﬁﬁnélb‘?po?%ﬁhgkﬁferoafpgycatmn of

. or collateral ['ink damage he "presence
?tl ali“é’% PERK/ PSS, BiFosesond pulse prt“db exsmplatfyerangois about 5 ns to

20 by Bévfé%l GuhdrdedtnahSRc SRk € A &iitdnay %lk%n%?fp 5&%@%&@ be %f)ﬁc‘hed for

enhance non |inear absorpti
di %f tiqnf coup! lzﬁ‘ﬁers Further, optical properties of sone
| ow-k dielectrics such as poI yneric dielectrics may
support controlled renoval of material by non-linear
absor ption. Inarelated work, Lapczyna et al. [12] ablated aluminum foil with

multiple, mode-locked 1.2 ps pulses at 133 MHZ from a 1054 nm laser. Holes were
cut through the foil with about a 2 microsecond train of 250 pulses of 1.2 ps
25 duration with 7.5 ns pulse-to-pulse separation. The burst duration is near or within
a time interval suitable for "on the fly" link processing. Figure 2 of [12] shows the
total fluence (energy density) of a pulse train and the corresponding single pulse
fluence for laser micro-processing aluminum foils of varying thickness. The
minimum energy range disclosed in [12], when scaled to typical spot sizes used for
30 link blowing, would be in the range of tens of nanojoules and consistent with link

blowing requirements.
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Pico second Laser Enbodi nents Solid-state |aser
wavel engths may be 1.3, 1.18, 1.09, 1.064, 1.053, or
waQ 2@4/m92803 crons with Neodynmi um (Nd) doped sol i BEBUS2087/061592
| asers (Nd: YAG I\Id'YLF Nd: YVO4) or with other rare
earth elenents (e.g., ytterbium (Yb), neodym um (Nd),
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nm, whic rovi de a spot size | ovenment atlve
coromale ieloginies sslnlg amolymayc ditlegripemay e@pomcen@oitdd ramoval

: 23)2 a?éﬁz{l%g]r{oﬁ lﬁlegﬁpﬁa Olléps%ed Ti: sapphire ultra fast

or) whi ch produces | aser
pul ses with pul se WI dt hs in picosecond range in the
750 to 850 n I.S the rare earth el enent

10 doped fi&ber rpé% ?Ih%ﬁ‘gs&%gr}bgggg Avel ength in a range
of 800-980 nm Exenplary |aser sub-systens which may

be i ncluded in_enbodj nents he present invention
will now be dOigrAl SW%’S&&‘&J%P@WG it b 1.09, 1.064, 1053,

entpdi. mimt mlcfr@ﬁsf Qﬁ@m@b&s&nﬁlﬁl ey ﬂspé@sol?d-&%ﬁﬁisé‘rs g élyYAG

avai | a passi ve or acti ve node-I| ocke
sy NExka %é(WrBl Qrdé@th qther 691 caarthl elerpents 4¢.gr, ¥terbism (Yb),

10 f@ﬂ.ﬁ [ S I
of %EO t oﬁll Wﬁ? ?O . ?ﬁr) ﬁ%gsﬂeb?f IJSE% glﬁljlre ge %egﬂa% wc'q‘:v'élengths
15 mayndyealss de the Sawﬂdeahltd,ofwrthmandi|ﬁft=lnhamiomctseot|‘otheses ahd other

conﬁ’iwoh QtteI lgsr?f'ppomgcg% sggéalz? %néf?lafgr gocal depths to meet the
os deilgmtnteriardfchlparﬂ@llﬂnapymtﬂwn | RoRexaaiiile, h&dr sourcesOI thth laser

R e S 8 0 S P i s 25 o b the
2 AZEPhEREnG, LA e IR IR 80 bR C2. 352
ei f1o8t theisepond harmonic) meguRewateldngths (e.g., 700- 900 nm), which provide

a spot size improvement relative to conventional wavelengths, may also be used.

One such a laser system is a mode-locked Ti:sapphire ultra fast laser (without a
compressor) which produces laser pulses with pulse widths in picosecond range in

the 750 to 850 nm range. Another is the rare earth element doped fiber laser that

25  generates wavelength in a range of 800-980 nm.

Exemplary laser sub-systems which may be included in embodiments
of the present invention will now be described in more detail. In one embodiment,
corresponding to Figure la, a commercially available diode-pumped, passive or
active mode-locked system may be included. The external modulator system 108

30  may be implemented to deliver the selected pulses of 106 to link 107.
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a di ode-punped, solid-state [aser oscillator 602 is
shown. Di ode-punped, solidstate |aser anplifier 603

woeso71092803ed to anplify the out put of the seedPCEHEE82007/061592

Gscillator 602 may be a node-| ocked, di ode-punped,

solid-state oscillator seed. External nodulator

sub- syst em 10n9gher Jasey seonfiguragiontwhirh tmay hese¢ imfat least one

pul 0 iPGeDS] Ve a MOPA
he%gﬁlogfg%&@c& ig 55 é‘ﬂﬂ gt)%gfglﬁl a%thrwnS@n? lg‘grneral Iy a

ope cenfigusationgy picdseegimd segsidaser (0 g. , pmor(prndlmmgm) output in a range

CorR Sl R G0 GO A, S 388 1 a6 B nry

system |

Subregmtedm 1081 of Figure 2b with control si gnal s 202

(e.g. , in a typical range of 20-150 KHz) to control
t he nunber of pul ses on each target while processing

l'inks during metdrAfg &f Figh® da 8 blocR hﬁtgfaheum@trétm% ahaﬁl%ﬁal details
beam | n any case, the seed faser

sui ChBIASET ¥Ry HEm M hesein dreteed é%mr%}lwfgthyr Exgarq %«mr&lgure 2b is
| asﬁrdl U@.ﬁ'ﬁ% d Q5teYser %Qcﬂlz%te&@?t @Ioafnaniﬁlodg 1puﬁlli)ed solid-

to anp epu se energy to a Sul range
pOV\éfratQalﬁgtn fmnplati¢rop03nimtali tpouserd tarqﬂlplffy ghe Gmﬁ)ut/@nﬁ the seed laser.

2 B g AU TR, L5 RSB S hor s

s ee Exteam imo@@RtorAnb-aysterh Ilb&fnay be Qsedy SHRWDIEY mhﬁber of pulses on
const ed |L t he di ode- sol i d- st ate anpl i f

603‘3‘?l EﬁS‘Pl?Q{a]a%PﬁPIB& gtrweegﬂg,ﬂ g8y A mede- locked orscﬂlator
coniyig Uge%teta‘ll'j}soﬁe‘#ét& adyl @r? Oﬁlgﬁ‘ W@f)étft%h nﬂtté?,' @91 pﬁﬂﬁg compared to

short pul ses, particul ar I trashort pul ses
di seonyeagonah grswatched asags. l\ﬂ?be 1®eﬂwt@50n016de70'Qym include the

I
520 S0 O P EASROR ST B o

theran%o)f 2180 Kha) tOGGmltpﬂltthmtmlmbI@nlosfqmlmvwn tachOtatget while

t ith
out c@stsi @rlf td{t]ﬁlﬂ¥ ?r{o?%g o? glh énkorfela%wmgo &1 glgseﬁibgeprgn dn any case,
havﬁletseemmmrr(e gv,adhmhtlh sm{tabfd ey Rl patkadd, commeraallg available
en}alltebsed Squ O her vvavelenths

SHFOPFEG TRy e ‘t“f ptsray nre; éE’(PHg‘ehH’r miif&)tg%mlw:@rgy to

2oof 4 stifible AAgeTaOWet a8BlificAiof \ﬁhﬁpo@ef%ﬁ@ﬂ%ﬁ 603 gm

25

30

| MRA. Addi ti onal information is al'so avail
Patent No. 6,281,471 (assigned to the assignee of the

%Slsleggt : g\ée%hg 91%8 %'cgﬁffélﬂﬁidnoﬂl% inotlde £Gde AP, mode-

locked, picosecond fiber laser oscillator as a seed laser 602. An all fiber laser
system may be constructed if the dlode-pumped, solid-state amplifier 603 is a fiber-

optic amplifier.

Exemplary fiber configurations suitable for amplifying high power
short pulses, particularly ultrashort pulses, are disclosed in U.S. Patent Nos.
5,400,350, 5,701,319, and 5,818,630. Exemplary lasers include the Femtolite and
Wattlite series offered by IMRA, the assignee of the ‘350, ‘319, and ‘630 patents.
Pulses down to 0.1 ps duration with average power of 1 watt with an output

wavelength in the range of 1.03-1.06 microns have been achieved with Yb-fiber
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Various other solid-state laser anplifier
configurations may be adapted for use in at |east one

wepwoghaseht of the present invention. Planar We@BHH20dE061592

5
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20

25

technol ogy may be well suited for high peak power,
short pul se anplification. U S. Patent Publications

2008plifisd 3 Fsmtolgebasde somas. aﬁ)@ezowgvmme Sasg8gnew) and

to 1
2 e MGy PEPRT ol 0 051 AOfersae s
anmavaildbde fremtIMRAre rth(Khtlo'ﬂaEm\fmnmgun malshaavagablc i Wos.gPatent No.

not vai l.abl e, as fibher anplifier. .
t et B spnd o R, e ot 2K @ i iiikion) apd dpsgpationa
bea?iﬂ)umulnayemwpphwionume%mmbe Raman shifting of
the seed wavel ength. Also, planar waveguide anplifiers
may be well suited for fentosecond pul se anplifiers.

Ref erring to \irfug Sthét s@hcﬁltﬁ’c@ Kiaghr 24t 'i‘Piér' &dﬂfgﬁ?&tioﬁg may be
addi tional details of an alternative aser sub-system

whéfanted dfereuse i af east ors embgdimenp of dhey ppisews ewomapn Planar

shoueBUREegkbiioRg By MUK Bl OFHIAF B Moot St pute

Al tagphificatiosl. y, UtSe Pdiendd’ulbhsaﬁmnsmgl)%ﬂ)llﬁélﬁ t QOQE/OIHE)E)M and

na u h are fur pr ocessed w t

¢ neop 5007 a2 pafRhed 4 afiles M beThe R HRERE. it spoiated
b e referennes disciose seletali wavepoide exigplifiet enibodiambe C tThe Rvaveguide
vv| t.h .Fig et anqt her arrangenent, the seed

| Bsifs? Wohgh By as rFaditay SIS asp@aeg.w iG% (gekingleay, provide high
?v DEACHuRer oaeks, a6 gSock bR lin? v tablk Raman shifting of

e nlcrolaser aval
hienteed vayeleagth. Tébnnplaogywavagmdemmjifexs AGY befwelt sumed for

puI éﬁt‘@? conds available at a repetition
rate o &%Hd Hzga%?gg%gncy doubl ed versions are al so
avai l able (532 nn). Mcrochip lasers are al so offered

by JDS Uni phase. .l n ei.t her , nodu] at or

uged to regugg%m @?lgge\ﬁpd? El%ﬁlé 3@gmllkuﬁrmg@ddltlonal details

d ebfan altdradtivelBePSub-sysRmOPREISA thOdtedMas S i B e §gs a élcosecond
llaser anplifier 612 may use

fiber
n,&s;:rf ug‘gg%o fﬂrdﬂ?d‘éﬂm& pisosesaryl pulsesris shownef"ﬁxerd;qde seed laser
enbfg |b@Q{‘1,tecﬂ$)houﬁﬁ{édde the diode | aser as the seeder

and a fiber 1aser anplifier to obtain picosecond |aser
pul ses. Fi ber |aser systens

Alternatively, the diode laser may be used to produce nanosecond
pulses which are further processed within the laser system to produce picosecond

pulses (as will be shown in more detail, for example, in connection with Figure 8b).

In yet another arrangement, the seed laser 611 may be an active or
passive g-switched microchip laser. An example of a commercially available
microlaser is the AOT-YVO-1Q available from Advanced Optical Technology. For
example, AOT offers a pulsewidth of 2 nanoseconds available at a repetition rate of
20 KHz. Frequency doubled versions are also available (532 nm). Microchip lasers
are also offered by JDS Uniphase. In either case, a modulator may be used to

reduce the pulse width as shown in more detail, for example, in connection with
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may have the advantages of conpactness, excellent beam
gquality and control, high systemreliability, ease in

W@ b@v7edsoranagenent , and mai nt enance-free operRBCT/OR82007/061592
U S. Patent No. 6,281,471 and WD 98/ 92050 di scl oses

nunerous features of master oscillator - power _
anplbigyre Sb MdPdipderpempedy fibeailasge amplifien @kemay qised to amplify the

anpli A i ber anplifier. In at |east one
enbo fﬂrlrlgﬁp,ﬂetsﬁ%@ltageéﬁboral spaci ng of a sequence of the

pul ses may be controlled by "gain swtching" of a seed

| aser, for ex I taught in U S Patent No.

6,281, 471. H 2}1”B§gég5%1§%€%@@e¢t£@f inglude QP%H’QQF] dasgr ps the seeder
uti lahd @ fitleydseh@tplifistito obwdin HleBSbcofd 1FBIRIISRC KBBer laser systems
5operatl on, .alone or in conbination. "Pulsed punp”

(

o, Gy Ay 1 adhyentess of GPmBACtERGhyXa¢ isab bergelqualit And control, high
Fi g@yster 3¢1idBilYt pﬁaééﬁﬁ%&ﬁl\%l’ h%ﬁ%%g;ﬁgﬁgc tehhdcé-fré: operation.

acceptable. U S. Patent 0Ses an
exe #ES P3N §e283 1474 tand WO 98/9303hdisciosep mumenoes fegtueds of master

ul i g~ T ut ..0f the .l aser . .
i SRAAs | sl HaorR AR L Rle 105 187 S ampinid wi
wav elfbagampkfiérf t ed by shifter 105. Wavel engt h

shifters, including harnonic generation nodul es or
ot her wavel ength shifters may be used to shift the

10wavel engt h t olsdtd¢dsEsneBmbodMERE, ﬂi@féﬁ{pﬁﬁg Is]llglalfc?llﬁ% Qg.irzcﬂane of the

on t@e process regujrepent. \Wavel eng
conPEFSiBH t?"e‘iﬂ‘mp@‘?de@’ oo spefohing: ek seaddasesclorexamnle, as taught
ExafmpUess Pafent N8, msqf,lwmglmg?lg?éea%msb@ ﬁlséfq{%sigﬁ{'?éﬁle{)arlll,y utilize g-

shifter, frequency up conve on“or down cofivers
f r edftiihed. gainpswitdhed e or madsrlogkednppesationo rateet oDés icgmbination.

I nce ' » o 1 hi fourt.h har [
convarSRinae @3 R ubbbiirol 3F b iods mihlED! Figure 6a) may be
15(  uwngd peonidéd owtpat lmb@ﬁl. th is mcclbimblffﬁﬂg.& Pﬁtﬁﬂﬁ??oBi@l%!ﬁS? discloses
. r
o ot o) RS 8 b i opht e b aumise el stae lasr.
frequency converters are offered by Coherent, Spectra

Physi cs, and ,L&Emera. Referring to Fig}tjres 7a-c, block
di agrans i | | uSTGHRH §f therlasstisibasysterniili(erd from amplifier 603) may

COrgd @uvelér j us i thin.laser. . .
sub- syst em%?h%ggﬁ oév\m/l;gerlbﬁ)sf—'i %V\éiebgkth S;L“@?gwnghlg{qg harmonic

shi gepgratiommoflylesiprsgtberenavelenghahiftchiemayelbcused seshif ik WiRlength
20 2l g G S B8k e B Wk
wa\sbifting bhcanvefsionnechniuedare F8HNKnB W ntafd ahédmentdie EXYMPHE of the
wavelength shifter include Raman shifter, frequency up conversion or down
conversion, frequency doubling, etc. For example, Concept Design Inc. provides
second, third, and fourth harmonic conversion of femtosecond Ti:Sapphire outputs

25  (fundamental wavelength in the range of 750-850 nm) resulting in available
wavelengths as short as about 215 nm. Additional products which include ultrafast

frequency converters are offered by Coherent, Spectra Physics, and Lumera.

Referring to Figures 7a-c, block diagrams illustrating various

alternative configurations which may be used within laser sub-system 101 are

-39-



wavel ength fromthe seed | aser to a wavel ength within
the range of the power anplifier. Exanples of the

wowasioeasgt h shifter include Raman shifter, frePUBUS00UNE1S92

conversi on or down conversion, frequency doubling,

etc., Figure 7b illustrates yet another configuration
whehewh. dn Figirg a4 # Magelengtb shifter 7@k isstisposed hetwaen the seed laser

se I ’ i
0531 00 i AP A e s s st
pi dbepewercmpifigr.| desce,pravelength shiftimg is ampleirfented to shift the output

i Rk S5=RH 1] B.PFARSBH) Vi B o gt pover

5 anpiniplifier. (Bxamplebeof the wavelehgth bt fcRidd Raftak bEfEN fdequency up
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t he Ere-.an‘pl ifier is also fiber based. Figure 7c

i | 1°98Y PR Or Jawn copyersinn, frequsneydoublipgretehat i ncl udes

nodul at or 703 di sposed prior to power anplification.

The nodul ator_ (e. g ... a down-counter or divider) is

gener al | y usd&dguinéh lussatesyrsanotherrconfigusation whetéih hgreanplifier
betyyegd di | fdar ed : | ]

t he repetf%ijt%isi)zﬂw}agvtee réogrr%eg lﬁgéggs}%c%gd@géédaqﬁj@ﬁ? %f%ge. The
r elpaft-ﬂméllt}em'g@grallynampiﬁielrs dhe @ugfut Wiz, pib‘ll?mr seeddaser prior to
re £ at average linited power the repetition

r ai@”&%ﬁ‘ﬁ?‘?@%@ﬂ? S?“ertg?‘r{ge B%%PO% ? geneellyeihin a faveratierange
r agre anplificitin b MENHEECse aliififieHq@F eqthirh?qiﬂl?l’é Gfhplifier).
op%aft eg as, a "down-counter" or "pul se picker e.g.,

si hTierably, thegugamplifier i alspofibaschabest or sub- syst em and
optical swtch of Figures la and Ib). Preferably, as

W t h nodul at or sub-system 108, an optical switch is
driven with Eigee olc dliugtrates yeisedfuothepesifigwatiamdharr includes

ve ' I 7304 ' t f .Synchroni zed with

ot PRl onomosct bt o RSN ey el Bhaitier e, o
exd%n—gomtelsmdnvmed)]owgenmhy ilmﬁl wihati thﬁ relﬁﬁilitigﬁ rﬁttB_s are different
ac 20D ) tor .or ot her high-speed optica
SWIB%{@%.&P ﬁlﬁe‘; d e irggrg}fﬁ§/ apd, serdelases, oﬂ@‘%g% Fbﬁ IepeHHlonarateofiom a
wi tlodedbutlbdseed 1468 i @elatedle Gigh) Gn tRranbt 38 ML Rfowever, as a
deJ, jnk or other target Structure. A

ei \\ﬁ red to the | [ :
wale gﬂgfﬂﬁe(gﬁef qB&miERd posKer the gpeIagtesiequirement fonthe power
asamplifier may bé @l tiRSrakge 6f a RO 26 hufidreli® oF@l?;te gg&; Ghe device

schematic bl ock diagrams illustrating in
dePREFHLES RHA S HPWBICOBHET obr Epudseppicker” [(agey sisylat emidenticat o the

MBdhodAatds §h.d i f . present .inveation. are
ool o SO0 S Bl o Y Bk S wi
modulator sub-system 108, an optical switch is driven with control signals based on

position and/or velocity information and therefore synchronized with other
components of the laser processing system. An example of such a down-counting
device can be an acoustic-optic modulator or other high-speed optical switch. The
device may be used alone or in combination with modulator 108 for selecting the
pulses to be delivered to the link or other target structure. A wavelength shifter 105

may be disposed at the output as shown in Figures 7a-c.

Referring to Figures 8a-c, schematic block diagrams illustrating in

further detail, constructions of exemplary laser systems which may be used in
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may be a commercially avail abl e sem conductor | aser
di ode and the anplifier systemincludes at |east one
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of anplification. Figure 8a illustrates a éged I Ialser
with a multi age anplifier arrangenent. nerally,
t hefmhodymenty %%t{e? Presgnb inventionaare showip By, way of examples dheseed laser

duriy B &&Qmé’&lail Javzﬁﬁ):le"ye ofu@st 143} aflag a%d thE ampllﬁer system

di f’i abl e, sel ectabl e, repetirtion ra
qgonﬂuéeswt least\ppe ﬁhelt-ymtlcc allnpl.lfielt, andymhgieclide §®/epﬂ stages of
duratd I{halOO KHz repetition rate. Both
pre- rrp t\Tﬁlgér and power anplifier stages are included.
A fiber based, preferabl y single node, pre-anplifier
8111 generall &S t he pul ses fromthe seeder to

a level that F?l%‘g&s zldl‘ésérlaﬁﬁsa?l% i[ser pwith | & gpultiisgage amplifier
powerangeméritf | @enedalbyl 2thé Whédeh (H@Ylla@&) %eﬂwa{eb pulsRY%f picosecond

anp ifier e fiber based power fier is

Faéllop)dQ:B%gl nsLPER aPédes}Fté}?lg Elee. omblén@ﬂwbleevm) Tepetition
t hQatE:Q@Qt@ 106 I@Pp&t ldsMHzC r}‘Ut tf%nit9n rr%ph lcﬁﬁat%(ﬁl with a

which i s generally suff |C|e tore
a 408 gKHZ pgpefitionneate; o nBesh spreantplifiet and qmvwrt dmpilﬂm stages are

h of
e 8y Gy BB Y R B e
rrayfln‘kphﬁps)tlmpuMB ifom thei saecm:tr no age\(d?hhzttfléa*dtg lto sﬁgﬁuﬁbﬁ iBkhe final
ruction
o1 T AT Bl €T Tivhioh T ek soRlsiee amalidegl e iber based

eng;;;;g:g@:,?fgi e o i R
sh

{nigrgjoues |t $0 micrejqulss, whieh jsigesersllyrayftfivient tn remove the
\?VI n g?ﬁ Wét%l%;kggllﬁﬁuzlge' %Qoﬁipxns%?eq&r !\50%% d\giﬁ]hlg )rég :Egégql ¥¥r§ Z%r an
us 8¥PHE Warelengtie ph & tinigeomn, (Yttehluunhl doped fiberl ist metaugdm@ée‘ns The

be b n specific design
2 g}r;ls ngglgﬂgaﬁﬁicr?i%ﬁ@mlgg Wﬁj fE%ﬂ ator 831 is
generally used to reduce the noise level, for instance

noi se caused_ by back refl ectl on. The pul ses are then
anmpl i fied byF’&Y‘ §% fitional aesals ©f @m4yonstruction of an

il ) b L g
a

ov2rog sgludiodg S gngy generate hlenwmmlnpulses (two pulses 8211
shown, not to scale). Each of the pulses may be in an energy range of 1-200 nj,

each with an exemplary pulse width of about 2-10 ns. A q-switched microlaser may
be used as an alternative to the diode, and the tradeoffs between the choices may be
based on specific design considerations and criteria. An isolator 831 is generally
used to reduce the noise level, for instance noise caused by back reflection. The
pulses are then amplified by diode-pumped (pump diode(s) 824) and Yb
amplifier 822. The amplification may be about 30 dB to raise the pulse energy to

the microjoule range and to overcome various losses within the system.

A second isolator 831 is generally used to reduce the noise level

caused by back reflection. A polarizer 826 is generally used to maintain the
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A second isolator 831 is generally used to reduce the
noi se | evel caused by back reflection. A polarizer 826

WO 200gemspnl |y used to maintain thepol ari zat i onPOf/UB087/061592

beamto neet design criteria and Fi ber Bragg G atings
(FBG 825 are used as wavel ength sensitive filters.
ThePofasization,pfthe, beay tormest design ariteriacand FiberBraggGratioge GRG) 825
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oY HlecEneSFas aiTEs rd bregis B0 (hs PtoRFRopd sRREs. producing
r entpaRe vABtGA TR Apeedmarty I@Fsﬁagg@ gég@ﬁﬁpdf 0 gsegg 8271 are

lines. In this case the anpl I's operate

t hhewmgrot fosseale) with remexedtor épmpressed poitipms degicted hpdashed lines.
detigiy; is t tive ...

Cougi o o SApt105 0008kt B GRIRLIE) rppign e
may be included in an enbodi nent of the invention.

Overal |, therge rguration of. Figure 8c is.simlar to |
that of Fi gurﬁeél%), g‘%u@gm@t %‘%‘?Hs \Bgvgl ESIHCtan of | #fy alternative
f oseddranplifiee. anlti tmiseepicket” pedngigarabion kBl e 8enAcadedin an
di regtl. f{o a.seed di ode 829 or by external L
modth 8?‘3{'1% Piot WigBuen: Bverallsthesontigratigpof Biguee 8c is similar to

mukHat pf Bigoie b 8uf withéut WAUHEARE SRRRE! fr'ifitadc8! PicbSend pulses

a tiple of 1-100 KHz). The pul s€ energy nay

t yg?l:‘amaij’%ﬁéeﬁgémi direggly fram &E@dellodm&%blgboa!sxtﬁmal modulation
i ol . Wi 1 .

i s R T A A

r ggaug.eg mytiple of d el@QiK ). fThegiulsexnergy myayugpioglyebe about 1 nj. As

o B g R st dpind 0 R SR S g 11,
ar befoteothe pulsarepetitivnt @tk Bire@sa 0 dhPtREd %’a%llvilﬁ% by using a
additional sta FI gure

then be anplifi Wi th il stages. Hi
sh 6%0%“‘%@%&&%9? GOWVACPwRIEr T @ugw@qeag@.g., 1-100 KHz).

anPhé &dieied PscdHB2B1 BRAsRRAVE, conponents may i ncl ude
i solators 831 to reduce the noise |level, a polarizer

826 to maintain the polarization of the beam and

b S PR Rl BBl A1 Rl v

di asidétionab stagéso d Figure a8s sh@dsl ofte afcthS43Afig@ansEt biv g tvo-stage

Thaqngllffels.t As described above, components may include isolators 831 to reduce the
noise level, a polarizer 826 to maintain the polarization of the beam, and Fiber
Bragg Gratings 825 as wavelength filters. Both fiber amplifiers 841 and 842 are
generally pumped by diodes (or diode arrays) 8411 and 8421 respectively. The first
stage may be a 30 dB, single mode, Yb amplifier. The second stage may be a
“large mode” or “large core” Yb amplifier with 30 dB gain. Various methods
known in the art may be used to control the output mode and corresponding beam
quality, and for noise (ASE) suppression (e. g., see U.S. Patent Nos. 5,818,630 and
5,400,350, and WO 98/92050) so that a nearly diffraction limited output beam is
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25

30

selectable pulse width is also desirable. Available pulse widths are preferably less
than 100 picoseconds, for example in a range of about 30 picoseconds to 60
picoseconds, or shorter. Available single pulse energies of about 0.02 - 0.5
microjoules provide sufficient energy for fine-pitch link processing, and may be
attenuated for application to the target with an output acousto-optic modulator.
Individual pulse energies of the burst may range from 0.1 nanojoules to 100
nanojoules in many suitable embodiments, depending on the number of pulses
applied and the total energy of the burst. Pulse to pulse stability of a few percent

or better is desirable. High output beam quality of M2 = 1.1 provides for nearly
diffraction limited spot distributions.
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20

. Memory Repair System

Referring to Figure 9, a block diagram of a laser based memory
25  repair system, including a picosecond laser system, and further illustrating

numerous major system components of the present invention is shown.

Complete micromachining stations using pico second lasers may be
implemented. At least one embodiment of a picosecond laser system may be
integrated into the M430 series manufactured by GSI Lumonics, or other

30  micromachining systems having suitable sub-micron tolerances and performance
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i clegoribe muniengus aSprsts wlatalshe gdnicy regaimmethoteshdsysentss
and published applications, assigned to the assignee
of the present invention, describe numerous aspects

rel at ed 1t he f&8DPat. NBD&BOOﬂgGJ‘mNgﬁlﬁ&gM&Wd S@H{Sg?rt]é?mot% Severing
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"Controlli ngAtp? fusPol ari zation"; 4. U S. Pat. No.
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M crost r uct uP¥stenpy fa5i RrocessirgrTapgesc Mateniaj Slstng” anf Alnepdified,

My 16, 2000 [ 0187534 A2,
De%:/errber, 203"1*’?9%’6 ghg% iy 6. 483, 071, Division
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e e LR PRt o Kb g Lo
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' nvention prgiyQEsy 16, 2000, and published as WO 0187534 A2, December,
2001, now U.S. Patent No.6,483,071, Division of S.N. 09/572.925;

8. U.S. Pat. No. 6,300,590, entitled “Laser Processing”; and
9. U.S. Pat. No. 6,339,604, entitled “Pulse Control in Laser Systems”.

As apparent from the teachings herein, the present invention provides
for processing of links with pitch of less than 2 microns with a negligible heat
affected zone, and without the complexity of a femtosecond laser system. Precise
link removal may be facilitated with one or more picosecond pulses. Further, link
removal may be accomplished with high efficiency when compared to a slow etching
process, and with improved precision when compared to conventional nanosecond
link processing approaches. Link processing in accordance with the present

invention may be carried out in a high-speed laser processing system.
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A ALY A0 |24 )

than 40% are advantageous for laser link processing because link processing is

successfully performed as processing conditions vary over time and over different
production runs.
25
Test wafers were manufactured for picosecond pulsed laser
experiments with 4 different fuse pitch structures (1.0, 1.35, 1.7 and 2.0 pm). The
fuses for this study were approximately 0.35 pm wide and 0.4 pm thick Al
structures (1% Si, 0.5% Cu). The Al fuses were overcoated with 0.05 pm thick
30  TiN/Ti layers and undercoated with a 0.02 um thick Ti layer. A passivation layer,
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The number of pulses applied to a given link could be varied with the
use of an acousto-optic modulator for pulse selection. It was determined that 50
pulses were optimum for processing the test wafer at 1.064 micron laser
wavelength, and included consideration of the 0.1 pm displacement or less of the
pulses as above.

Comparative results for individual multi-nanosecond range pulse
widths and bursts of multi-picosecond range pulse widths are illustrated in Figures
10a, 10b, 11a and 11b.
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‘P4&e Bursts Figures 1la and 11b displ ay
the results of link structures processed

Picosecond Pulse Bursts

Figures 11a and 11b display the results of link structures processed
with a sequence of 50 pulses at 57ps and 35ps, respectively. The pulse frequency
was S0MHz. Therefore, the time spacing between the pulses was 20ns and the
pulses were applied for a 1pusec duration (burst time).

It is noted that multiple pulses were applied to each targeted link
during fine stage motion. Therefore, a slight shift of the laser beam over the
targeted link during each burst occurred. With a current speed of precision stage
and link pitches, the shift of 50 pulses was 0.1 pm or less. Increasing the frequency

(decreasing spacing between pulses) and/or using a deflector to compensate for
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15 t hale qapes of anpsosb@mddmr puilse. aThidebdcaliservf tlaa"giea‘ﬁlunprovement from

becane rel atively. closer than th
e P T BRI BP0 i Bh imiiag s mods as st neigbbor
bea‘.lnlaslemage thhsugio@ahe pifaheON SRR the Ezis@'&ﬁ@r}o@&%ﬁ& 1 éx@k  Although
damage | evel s, even though the major failure m)

st PPYETa] Jnisrtssion) meghapisms Jeay I‘?F@Wgﬁﬁdb@ Hlmecpﬂnﬁct’.%l@ ah;e results
wasugdgast @ﬁﬁzﬁle@@ff@éﬁ@%ﬁm \!vé’ssﬁ'éacted 6* t‘ﬁl%@lﬁld%l'g% g:{ghe effective

I nteracti .on mechani sns g occur I COS
20 5c8pat sizerig cprsidared; tosbeygwe Smaqurmﬂhhm thecthbaretica @pﬂmtdlffractlon

S| BRINES h ipg. . The.effectiv

spot ST 28 Stlr%gﬂg@%&%ﬂﬁg@%&gwﬂ%hﬁﬁ?ﬁm lé’i%( fi?fﬁ?get Wés reduced

t heempared avithopanoserondlildsbr palsésonHigh bounds of process window were
significantly improved. Multiple pulse thresholding technique may also be

beneficial for preventing the Si substrate damage underneath the link structure.

25  Thresholding on the adjacent links was thought to be slightly less efficient than on
Si substrate in the 57ps laser pulse case, and the adjacent link damage limited the
high bound of the process window.

Figure 11b displays that the high bounds of the process windows were
limited by combinations of the two failure modes in the cases of 35ps pulse width

30 (except for the 1 um pitched structure). In other words, data points for structures
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limted spot size calculation. Therefore, the adjacent
i nk damage was reduced conpared with nanosecond | aser

wWQ0gm%2803 gh bounds of process w ndow were  PCT/US2007/061592
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25

significantly inproved. Miultiple pulse threshol ding

techni que may al so be beneficial for preventing the Si
sulfichett &oghdelye AAdemnarntheh the substrafe dagage eoincides with the
Thrrﬁgéhgbﬁaaﬁgaé@n the adjacent |inks was thought to be
slightly less efficient than on Si substrate in the

57ps | aser pul se case, and the adjacent |ink damage

I ted th

| : bm dlespl assljﬂ%rﬁﬁ%&?sﬁp gﬁ %g‘ﬂé’Eﬁu‘ﬁ%??eg? %{)ﬁ%urége?i y:VétE aguﬁorter laser

¥M ekyeklengsbr elnl thesetapemmenusnﬁﬁmﬂm ((gréen@il hi'wad ¥ded in plcotsecond
aiy exce

des in th S . of 3 pul se_wi dth
for htkgs ’T’?"nﬁiﬁ"ﬁﬁ RS ie%?’rsfﬁé#tfraé‘)v tsﬁ’é}leli/@ﬁf&&g% limated spot
poisizes Buor sifide’ Whd WuBsRItd AbSSHplibRMs 1 W“Ih
that the Sulbstr é_gpggﬁn&ge coi nlm gigsd%??aﬁlc? né{éé’%%’g pver IR

darfyelengifiy, hisdi MpBossipioprodictsuiiable pulse dhamcttt:rlstlcs
a %B@thhrlld @&%SM@V TheRGE '37(% rinddié %lﬁé@@l{i}?@%g be 33 glcosecond

%reen gwt was used pi cosec
S h BP %s(sengg@p gpmanggcomis veato applieddo eirgetrimkh e described above

di t since the su stra
abfse;é(':fftlt}%%vék P i ca{iﬁny ﬁ%&errggté%sw WYas SEQWC to aPP y larger
waueim ﬁgt()fﬁpulse&tqthe dinkd.i cult if not inpossible to

predi ct suitable pulse characteristics based on IR

test results. In these experinents, various nunbers of

35 pi coseconBngrgh SARIGRPR @ﬁﬁl@tl&i’ %12@ g@ﬁfﬁ&e 89@3&'{8%&@&1 to 1

aplledtotarget links as descri ove ex
TaR giien liks andd. himicran Pﬁ%luﬂ@lam)lhlusﬂalgbmv]iagumi t¥ethd 12b,

tOre@MtMellyar&elr mw&pﬁﬁfﬁ?{%e nug%gﬁe?atg 1%&1': 1|§ %pﬁgbyé)g}/ghbor

wi ndows aS a function o
t odamagee wéeress at A .7 imideon dimdt itch, diechigh emeltg@hmhitnk $odhded by

I t 12 d 12b t A1
'm%:‘*rbgﬁét? Bindgd, CHP O e Bl brdkiiih the aoravmandoyy are
ne¢l;§htycd inl lea crnge Viren exbsuta?0 puifesTioCabnt Lo ?ul@lﬂ g&* ifl1€ This

| ded. by sub
s EAEL B4 bty Top Bt iich stmetuesscand shavtsrcloser avaselengs,
otzsmlatﬁfélyl Inrgefientbansepdisar abRYbudd o) e s Wil ARRor Fejiable

200 | ses per |ink his i Iusratest esp
fglfn%l{ﬂg}ngpl tch structures and shorter | aser
wavel engt hs,

General Conclusions

Generally, the above results at 50, 70, or more pulses show a
significant improvement in the energy window results when using bursts of
picosecond pulses as compared to single pulse nanosecond processing. For fine
pitch links, shorter wavelength and large numbers of pulses is advantageous.
Reduced neighbor link damage was particularly significant. Although several
interaction mechanisms may occur at the picosecond scale, the results suggest a

smaller effective spot size (below diffraction limit) was created by “thresholding.”
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a relatively large nunber of pulses, e.g. 70 pulses or

nore, is desirable for reliable Iink blow ng. General
w@onalogsddns General ly, the above results at  SPCT/V82000061592

nore pul ses show a significant i nproveman]tc in the ;

ener w ndow results when using bursts of picosecon

pul sg)s/ as conlpir @dixed mymbpreofppulses, Mhnard defagrated burst energy,

P direamolal e debfEalhp plsk sy BhAEi EefFEEAREL Heak puise
nei @m? Howdvedatire grcrevsed peakt poswer andyyineiiegse the charice of substrate
Al t veral interaction. mechani sns ogecur
e IRRI safte BB PRICHRF Shg BBt B eefbursi may
5 ef flm:ztaqmeedstpaiptlmlz;eetlhéd brdrgyvudi " dofw, ?@fl( g?btlaér{rbfﬂgirld, 011!’@% energy is too
i Bt For ST (R g ADEHOR direshobh dpdjsHal famigyapay not ocur a
I ol i ' I rnequi r es
kA et R LA R LT Sl
power may increase the chance of substrate damage.

Therefore, no BB nih : e
| onger bur st SA Eglsybe r éﬁ%?brgééjﬂlt\éghﬁ{b?rﬁg)z(%%é?%ﬂnésr g‘;@&dlo'loo
wi raepaeconds being tplvally buitatile. i Genetrdlye pelse widths omthelopder of about

10 Q1 RiBReEHor BEea o ac R dol o3 0BRSSy gncerns.
seVAs noigd rmyvdaegdoﬂcmsmitsehze/g[Be@]1[ldc§ict)zlined°~fdi_l1§t(ﬁ&1 ' 18%1aﬂ‘ﬁ)ik and

' f. t t S,. W -
o cuButa S8 cvid piitn PSS veltieds Sesbrnnd 169, Ppul I some
Wi Gintifodiferitd) @ pulsewide maP8etin &e&hﬁgﬁﬁ?ﬁt A Cg’ n@p&&&g‘s 6 about 50

are  advant ageous due to laser cos exi t , ,
c o REOsrondsasThennawer gpwsity of g pulse mald genesallyshecgrensenthan 10° W/em
obt,g [ el o s Q .

13 U NSy DRI ITTLP 3 o, flled of Bt 80° SOHEE WA dr picosecond
| n psesessingrbbi¢ pronessingaf parhs Enknétoiiduremnal e best twith puasd Gaving

o Bl SRRl 0 B BT Sl

than 109 WcnR2 and nay preferably be in a range of -
about 1010 - 1012 Wcn® for picosecond processing. e
processi ng of0VebRerangs of puisevidtiess theynaxémpmsachigvable process

Pulef&Sy RandoROwMMREra e BE lidey frad¥ofefibech str%%gdamage
u 1gn Wg . %\/

Wcen2,” and up to abo er a range
20 pupadadipgennkink daneagan i the peakgivive isinerened atths shorter pulse widths

cleaner link removal may be achieved, but with a risk of substrate damage. At some
intermediate pulse widths a best compromise may be achieved. Longer pulse widths
may reduce the substrate damage, but result in incomplete removal and debris
(“splatter”). The longer pulse widths may also decrease the window as a result of

25 neighbor link damage (although the neighbor damage will be much less than
obtained with nanosecond pulses).

In magnified visual observations, cut sites processed with a pulse

width of 8 ps appeared to be the cleanest cut sites, however, Si substrate damage

limiting the process window occurred at energy levels lower than the cases of 35 ps
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energy w ndow will generally be determ ned by a
tradeof f between substrate danage and adj acent |ink

waolamahe2s03 f t he peak power is increased at thePGHOR2087/061592

pul se wi dths cleaner |ink renoval may be achi eved, but
with a risk of substrate damage. At sone |nterrred|

pulasid 7 R MHseawisiets:  Tharpieh meake porigr amabe Basenylse; 2 rﬁlg‘eﬁxed N
pulc§l séﬁ!s%ﬁ?atérﬁﬁrﬁ duce the substrate darrage but
onp

result in inc e renoval and debris (" splatter").
The | onger pulse widths may al so decrease the w ndow

as a result ei,ghbor, lin alth h the
nei ghbor darraoégﬁlétH iLFyeT 'éls?nm h Oggs %f hsg)gleosg ﬁ%‘d’“&ﬁ‘{*}? cut sites
naneasebsegrsied) bus thede cut sitayagpeatdded be clebigdr (ST bk ipedtessed with

5 prfoa PR G0 A n taameGoieager oble MidtR e he slpter problem

S u hﬁidgéﬁl@osééﬁiﬁg@sel‘ ipllisé Widkth§ DR WA GRA at 1ﬁ@@dye%?g)Ufsé SAdth.
at energy levels |ower than the cases of 35 psand 57

ps pul se widths. The high peak power fromthe 8 ps

I Lk i L

c utths failose madesotogetheretd, firduthe triaimum pirocesd W?@p;p eBorettle case of
th a S
puS2SGe A 30 AR e et Grrabrtge o titha eyeg phive s of 8 s

10 t hehespppet beundofohe process Windpworsainifed Byasiafubitrdte @am?]ge With

15

20

25

h d th of lse wwdth, T
ncBr B PSS SGTR: Hifvimer DUl 6F Roraiposts waleMAb i by the

an aieighbﬂlgllﬁm&rﬁa'g'd lKe@ulfﬁq‘i'&ﬁ 3t5‘iﬂ Pulie rWl&tﬁ show %Jd@lgxte compromise

maxi mum process w ndow. For the case of

vHDeRRga-SisuRutate damagenand neiglbor;link dﬁma@s end gbe¢ selative process
Wi %lﬁd&\f/s Shdf thd %eé‘tpﬁ:gﬁltsb QoY e?xfn tt’ﬂ@m‘? vﬁo Ea;ﬁlpg' rﬁg(?eg for most

[Tmted by frate
Wi dtrhctumltluppmcezbwndbvofmgh ef gbo:uc 63 W%dfawhmgz Omm pitched

L ' | ; .
SR PSRN b0 SR, 53 e b pematr
s ulmstd rcatrent@odgioand nei ghbor |i nk darmge and the

rel ati ve process wi ndows show the best results
considering these two failure nodes for nobst structure

With a procegsadoRdiars Wi Q@leé’sft ofPHbodifert dg t%ﬁe%re%enpmventlon

2.0mm pitched structures. This Is considere
ac drsHeasHIgethe nvarber fof puises (N)rplll @nsustawitb megligiblecpositiomt shift is

P @gbietddqB improve the process window, reducing the substrate damage that occurs
with decreasing pulse widths and corresponding higher peak power. A high speed

beam deflector (i.e.: electro-optic or acousto-optic modulator) may be used to
compensate for the motion, preferably in combination with an increased laser
repetition rate (up to a practical limit wherein vapor/plasma/plume for a previous
pulse affects coupling of energy to the link).

In at least one embodiment for processing very fine pitch link
structures, the number of pulses applied to a link may exceed 50 pulses, and may
be in the range of about 70 or more pulses per link. 70-200 pulses has been found
advantageous, as noted above.
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In accordance with at | east one enbodi nent of the
present invention, increasing the nunber of pulses (N)

WO poog/omspst with negligible position shift is PRpES208U061592

5

10

15

20

to inprove the process w ndow, reducing the substrate
damage that qQccurs wi th decreasi ng pul se wi dths and

cor r espondi ndnm lepst ong,ermRodiont the repistition rgisanay beeabent 100 MHz

def (e c
Je%i%:aggr) for ?ns e@% ;?’(gg{ gé bFenSgg‘ﬁ?#étS@ ﬁ‘ghr&m tAt such higher

pr effaquatcllqs, a ﬂargmmmtmt Dﬁplulmsthllem delivered &eallitkainer shorter period

repgt rate (Up.to a p tic [ i erein

vaporff‘{ﬁ as rra‘fﬁru&%%fe&’e%yﬁh@ld g Lf) &7 E‘@ha{%é’ﬂ@mg of energy to
c ouiriknig dedradedess gyresudt dffefectedviapor/plasmd/plugisthatfoRows a previous
enbodi ment for processing very fine pitch link

st PY&ures, the nunber of pul ses applied to a link may
exceed 50 pulses and may be in the range of about 70

or nore pulses per i nk. 70-200 pul ses has been found
advant ageous In §Bbadimeatsawhgre thenuaber ©f pulsenis relatively large, for
enpd tLi

or AIRE Whert e BARS dr aPRiGEONEr E¥md SBRARS fiedd than one
50 anipasecond amuumtoha fgWamcfcrsecpmdsthemptlm bbithg stagereldive to a link

o s S53lt4 08pfEl SLLS, Sl O BRI LE L e

SO0 embghm’(dna,tsomuﬁ lthe@serfputies iy need & bd défletd @ﬁﬁﬁ?ﬂﬁ:%urst to
as a result, of ejected vapor/plasma/plunme that fo

a (PROFHES fBt fhedelafive mobRi nent s where the number of
pulses is relatively large, for instance where the

pul ses are ag}pl ied over a time interval of a greater

t han one ni cMVgse E%Hélefamaem%ystem eorffigurations aseshowdand dheribed
no ] Yy ~8XC

o oot Bl P nthA 3 3hy Har B el 1Bl piletengins
| e petvidenfor élmﬂwaheffecﬁv,e sponsizeofeduttion cngiarddloIRS ey,

need to be deflected during the burst to conpensate

for the relative notion. Various |aser-based system

conf i gur at i oR¢hiRr emBbdimen8Ner ERS aiviehGsh m@@@'ﬁée@rlﬁuﬂﬁ(ed and
Iudﬁ @I bl e and cggat[l U%Fvvavel engt hs. The short
vva &e E‘i/h 1% gL, ien t ??eFmB?C%l@thﬁS\ﬁélugm agdl Adgscribe all
r efowible foraRIorahe thvietidm S
thg i nvention have beteln il mﬁ%tfr%??@rgﬁgﬁgoﬁ%g%ﬂé&ﬁ&hon are
words of description rather than limitation, and it is understood that various changes

may be made without departing from the spirit and scope of the invention.
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described, it is not intended that these enbodi nents
illustrate and descri be all possible forns of the

WO pa0e09380. Rat her, the words used i n the specP€T/A8200TM1592
are words of description rather than limtation, and
it is understood that various changes may be rrade
wi tMBAT HepBAIMED fS:om t he spirit and scope of the
invention. WHAT IS CLAIMED IS: L A | aser-based net hod
of renobving a target link structure of a circuit

lfabri cated orn.a subliserbaedvrtetiodtofcemeving aumcgeslmlakthmture of

mage to_the btrat an electrlcl bet ween
2 {n PEeio FAbrieARd i b uBi et i hoRb SRS paddsTaBle JAAEe to the

3 St IsUBdttake anP Aidscié 1ayBR e @ftthe tdi*getﬁlﬁlkls%étﬁlﬁe anid'@e substrate,
tar et link structure bei nﬁln a set of link

4 st 1O ém& sEuctures adjagent thesaggef lipkstarciuetthe agget Hink plguctyre being in
5 Of | éeﬂ Bf fihk léﬁ'ﬁé’t{lf’e?» QtGIeQQ soRRA{ k! ﬁﬁcﬁﬁe@moih%cslat of 1ih€$Buctures

met hod conprising: generating a

6 se@@mcﬁépa;rﬂted &y@rplrpbl of dess dhanz? pep e medad camprising:
7 greater than R&Hﬁ%a%eﬂ%é bt ]?%é?q:ggste? gg? lré}i%ﬁﬁ{)? peﬁg Fgreater

a first pred erm veleng
8 at thamcahiousl Mz unhzmg atsber] lnssyumning aofirst p(tedetenmheceWanength

obtai n an an‘pl uence, of out put | ses;
9 del i veri ng aﬁ’B 1? @&é‘i‘lﬁ’gﬂf}& pGleastgp ‘?forFE‘F SeapEnge S W taser pulses
10 seqoebri Af amplifivdt sequende o GMbar pullges! et |1 nk

structure durjng relative notion of the substrate,

11 sypstantial | )91315\19?”"(8 (Ag focusings pulsesrofithe amplified peqyence of output
12 SePURBS dnff 1RUtRPL Rt %ﬁ-ﬁcth?a/ diing remk € Mt bPhd S¥bktrate,

t han about 100 prcoseconds, correspon |ng pul se power
13 gesybstansiglly alliontput priges off theamplified sequence afoIt Puises baving a

14 | e?ﬁls%: B?fétl@ﬁ’ gg th&l&é@(éﬁWlﬁ@'?ﬁggeF&hgb%ﬂafre%S% Hg?;?u&sr?go&iﬁr densities

15 I ess thetrhnzghqcmﬁ/n’e Ileadﬂ(‘jlﬁ):lth 1/09CW /cnifeto ﬂ@ls ﬂ&gglrt:a@uﬂ KE’?\XZ@?E? ;llle target
VOI e, u e

i"PEﬁPfB&“%ﬂ Ao Waglengih 9 dlao aﬁ@éﬁfﬁ%ﬁ ¥dess: B nowsE density of

17 t O thecfoRuSd! fiftseh et 10w Bnlfonfghrta Catvufdethth%lﬁbieodmnage the total
avoi di ng the undesirabl e damage to ot her

8 st FORIEY rOé 2ll; of thp doepsed @ﬂlSFS being highcenpugh to removethestarget link
19 pu |s§rﬁe°tuﬂer @Mledlea\fo?dan Heq.{?aééu\é%heema%)é & bRES itk %%Jlbgtﬁ\é’% in the

of 30% or greater a range o
20 1 ﬁ¢tc¢fdmk‘t grughues, the rﬁmmlscmpulsﬁ pr'ﬁmelmgefdnodredﬂtlveIeaexrgy]process

21 MWH%(RN Bp%% of greatergfg Fnl‘(fjl 1ta%s Iu? g range of about 1 micron to about 2

22 microns.

2. The method of claim 1 wherein the step of generating includes
2 astep of pre-amplifying output of the seed laser to a pulse energy level prior to the

3 step of optically amplifying.

3. The method of claim 1 further comprising shifting the first

2 predetermined wavelength to a second wavelength prior to the step of optically
amplifying.
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a step of pre-anplifying output of the seed laser to a
pul se energy level prior to the step of optically
wap7iopzsdhg. 3. The nethod of claim 1 further PCT/US2007/061592
conprising shifting the first predeterm ned wavel ength
to a second vvavel ength rior to the step of optically
L anpl i fying. 4 4. Thd'heanethed of clainyi fyrther gpmpriping:
conpri si ng: T
2 tep of opti %2?‘??92‘ ICHIRE, 5G6ichlihc L7RE 380 UF Bpucaly nBitying
3 t hat keast|a fartden efthe emphﬁcd saquclmtof putpgéwlmbesedmn ahleast one of

+ oy RorBRRog veRGR, kPR s Slefitoizah® BREFE MR e g taser

5 pOSbIeimqnsﬁiUﬁldﬂgngﬂ&re&h&é mogiofipt i on. 5. The nethod of
claim1 further conprising: controllably selecting,
prior to the step of optically anplifying, at |east a
1 portion of the se%emﬁoﬂ@aﬁﬁnm& f%ongﬁﬁﬂ on at
Ieast one of position and velocity or nat | o%
2 synchroni ze cpeirellabljesel¢dting, priemito ﬂlﬂéte@mf ¢pis:elﬂy bmahfymg, at
po [
3 27 Tt §Borbidh of the A B o6 e Bhedbn af iagfiBle pofion and
4 svmvebhi'rt)nglfarhmtlem tmlsynalmamze ¢heptarget ik stryvairs and asetebeamaposition
7. ,The laim5 wherein tenporal spacing
3 bePRB%%ﬁ%JBEa%é{ﬁm lI(’Py all imredi ately adj acent pul ses
of the sequence of laser pulses is at |east 5

] nanoseconds, and wherein the step of controllably
sel ecting re8uces Thnaethop of claim f Wherein the sigp of genegating includes

2 rapgia sefitcBMgUhe sddd Hdder E&pr%ﬂ?le*ﬁ'ﬁtlse&)n dddganet hod of

claim1 wherein the sequence of |aser pulses includes
at | east one pulse having a pul se duration greater

than about 17nano§ge MidhoPBEMIE"s Hergﬁet {}ﬁ %pﬁwé%gs petween

further conprises conpressing or “slicing
onéubstangially oll pmowtdiateln aquatem poBkes ofjthe qequheme dfilastr pulses is at

l e t ut, 100 he met.hod o | aim 8

un 2 1 pGeRi R Bherel i S oy dRadlably Sridie rouces he
| asapetidomehte hﬁwithm atrafgd 6€atdut 20 KeT» tof158hawi, one
nanosecond. 10. The nethod of claim8 wherein the step

of conpressing or
8. The method of claim 1 wherein the sequence of laser pulses

SBWN e

includes at least one pulse having a pulse duration greater than about 1 nanosecond,

and wherein the method further comprises compressing or slicing the at least one

O ¥ O

pulse to produce a pulse having a pulse duration less than about 100 ps.

[y

9. The method of claim 8 wherein the seed laser is a g-switched

2 microlaser or laser diode having a pulse duration of about one nanosecond.

10.  The method of claim 8 wherein the step of compressing or

2 slicing is performed prior to the step of optically amplifying.

11. The method of claim 1 wherein the seed laser is
2 diode-pumped, solid-state laser.
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slicing is perfornmed prior to the step of optically
anplifying. 11. The nethod of claim1l wherein the seed
WO 282091883 di ode- punped, solid-state |aser.12 .PaHES2007/061592
nmet hod of claim 11 wherein the di ode-punped,
solid-state laser is a fiber laser oscillator. 13 .
The nethod of claim 1l wherein the seed |laser is an
jactive or pagsive m%ﬂgﬁﬁfﬁﬁh{l 1% %heﬁcllf'ﬁle-ﬁfb‘ae-gﬁﬁg&ﬁ sBfid-state
claim1 wherein the seed | aser is a high-speed,
2 seraseniscdufibarrladeasesdilletonde. 15. The nmethod of claim1
wherein the step of optically anplifying is perforned
by at | east one fiber-optic anplifier. 16. The nethod
1 of claim 15 vii3er eiThetnithdd SRAaiftPt WherkifPihe fse®T 1a8k#Ss a@n active or
gain of about 30 dB. 17. The nethod of claim 1 wherein
2  hassivesmodg-logkedlapgtned wavel ength is in a range of
about 1.3 mmto about 1.55 nm and further conprising
shifting | aser wavel ength of the anplified sequence of
1 out put pul sed4f r orkihe meethadraficlaimd deheseinithesstediaser] ie a digh-speed,
to firar r visible wavel ength. 18. The :
2 netsgrgg:%gﬁucﬁ}al%%r%%v@ér ein the step of generating is
carried out wwth a master oscillator and power
amplifier ( A) . 19. The nmethod of claim 1l wherei X
I'the nunber ('\)/Rgout ﬂfﬁ‘? B’ﬁﬁ’é’gsoérﬁ’g"@péeﬁ’hﬁelﬁ ngrg@;htqr}vgptlcally
2 "OLinIifAL KepeRfoined b G [MRittone fibeNepRUmplifidtul ses to
exceed "‘a predeterm ned tol erance, and wherein the
met hod further conprises deflecting the output pul ses
to direct thggout I ' .4 hi n..the ..
. predet erm neg6t ol g?& gr?%@O%%.CIa%n Ilg(s\vaﬁ(;rel-r %gzlée\é!iﬁseg—so'@g%aﬁglrlﬁer has
2 r eagaimef abonw3QdB. | i nk structure of a circuit
fabricated on a substrate w thout causing undesirable
damage to the substrate, any dielectric | ayers between
the target |iliik sthhaahethed asfdclhine 1S wihsieimtibe Jirstl Eﬂ:&etermined
e

1

structures.adjacent the target link structure, t .
2§ o PEIEETR AR DD I L2004 55 . gRd further comprising
3 St GMigtiny RSer WdveleAglofIRBmplifidd stiqlittick Wi 8atpul phif& £&h the first
4

of link structures
predetermined wavelength to a near Infrared or visible wavelength.

1 18. The method of claim 1 wherein the step of generating is

2 carried out with a master oscillator and power amplifier (MOPA).

19.  The method of claim 1 wherein the number of output pulses
and speed of the relative motion cause a displacement of the output pulses to exceed
a predetermined tolerance, and wherein the method further comprises deflecting the

output pulses to direct the output pulses to locations within the predetermined

W B W N =

tolerance.

[

20. A laser-based system for removing a target link structure of
a circuit fabricated on a substrate without causing undesirable damage to the
substrate, any dielectric layers between the target link structure and the substrate,
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bei ng separated by a pitch of less than 2 nm the

system conprising: neans including a seed |aser for
w@eonagsdhg a sequence of |aser pul ses at a repPer/uB100m061592

rate of greater than about 1 MHz, the seed | aser

having a first predeterm ned wavel en%gﬂll; means for L
4 optor Hak PYUCHES acggqemgthatar gt digk sHuesure, {thertagget liplestructure being in

5 SeQUeP6f lig% stric@fes P1Y ?5& sbffeq tfhcﬁﬂ?saﬁpﬂh'b fsb€8F link structures

sequence out put " pul ses; and neans for delivering
6 andeingseparatgd by laspitch off lash ¢hanrdoping, ithedsysteouenmapyising :

out put pul se tar [ LUC ri
7 ot fon of ¢ iRl Behdfie e etEhrcs 0 ashbild f fuite'oP hser putses
8 st ntiatr¢petitionliasd anigreatdrythad labgutl 5 dSHDS thehweed it haeidg a first

sequence of ouRp t pul ses having a pul se duration |ess
9t hgﬁedgmneﬁ!d’(? ﬁﬁ@& econds, correspondi ng pul se power

densi ties inplaRs farRipaicAly Ahplif§mgiat 304 pdieidn b ehselyfence of
10 | ess than about .%OlgﬂV\?‘c%’Q a‘t) f?Itiwllgatargetpl [ nﬁ eyffence
11 st dasex pwlses tg otajepr Agphfiest seguense of ontpyt pulsess aed | ess,

t he power densi fial: go,ﬁ.@ [
2 enough to av%?é&h%lﬁog dgﬁggglfra Isfggudsg%a%g?es?ﬁéﬁhtgg?@}mw sequex.lce
13 enef gytputfpulsel onto therarged tink etdugiulesivsing anatigntof gie sehestagehrelative

L L il e.al
L4 2t R hRFch )it A pUby o it Raence of outpu
15 st ipulses tiaving apuldeadusationdéss thankabsh 100tpicasscontid) @ofresponditlg pulse

I idi.ng for a relative ener rocess w ndow
16 of DOYeR BFISifies 4 dhe FIEeaf,ak loast araus 10 0 Wy oA i ess Mhamangpt 107

17 1 Wehfat i @BRYink s#h@hRNa wattlendthOraB8ueM elictonsbMess, the
20 wherein the nmeans for generating includes a naster

18 os@PWERdensityf the fequsedhpulses being AgwpApougipto avnid ghesuedesirable
; . T _ )
19 2, AT R oldliehigy of AR i 8EhsBl Blses Bing R dbbfiohremove
20 of theutarget lipkIstrustufrawbde olso avoidingsthe andesiribleakaintageto ather link
| oci i. ti t h ' he t ef..lipk )
21 YE M I AR PRSI B8 PR AT v
22 noenérgy préwseivindoReoNB@%sor’ @eate firMIflK Fikdhs §Eh &gest about 1
i ncl.udes e an acousto-optic nodulator or an

bow ¥
23 o| BH$TOB1OBPIW 2Kt or . 23. The system of claim 22
wherei n tenporal spacing between

%

0O

=

21.  The system of claim 20 wherein the means for generating
2 includes a master oscillator and power amplifier (MOPA).
1 22.  The system of claim 20 further comprising means for
2 controllably selecting at least a portion of the amplified sequence of output pulses
3 based on at least one of position and velocity information to synchronize the target
4 link structure and laser beam position during the relative motion, wherein the means
5  for controllably selecting includes either an acousto-optic modulator or an
6 electro-optic modulator.

Loy

23.  The system of claim 22 wherein temporal spacing between

2 substantially all immediately adjacent pulses of the sequence of laser pulses is at

-57-



substantially all imrediately adj acent pul ses of the
sequence of laser pulses is atleast 5 nanoseconds, and

woke7ep2803 he neans for controllably sel ecti ng PETUSHO7/061592
the repetition rate to wthin a range of about 20 KHz
to 150 KHz. 24. The systemof claim 22 wherein the

3 nodeastd @anesecendsparid wharpiadhe means for epntralkblyryelectipg reduces the
of j - . o | ses

4 [ ng%%élghggeﬁggé@hg%g&gﬁﬁge a\??r%ﬁ%l(gmléﬁgm ation
greater than about 1 nanosecond, and wherein the

system furthegr, coRpLi ressor or pulse slicer .
1to conpr ess 2# sl ::fgxg §fsgespe f;)lrz\[}lél%y%et nge%?n Itg%ls?w%‘ﬁ%tor 15 a
2 naMasheDeithdpmedulttor pr oduce a pul se having a pul se

duration | ess than about 100 ps. 26. The system of

claim25 wherein the seed laser is a g-switched
1 m crol aser onsl asqhedyQes oﬁ‘@lﬁhﬁgo%vlf&'éiﬁ%edééh@édcg%f Rer pulses

about one nanosecond.” 27/. The system of clai'm 2

2 whénadudes ahleant ppepulss having aprssrdusation greater themabaug 1 nanosecond,

regel ' i fviindag:.28.
3 e B G B R o robu B or gl o compress
4 di odeligeymespectively,ithie attladse ohaamrosecd@d pulse ts peddaoe afpulse having
cl ai m .28 erein the di -punped, solid-state |aser
> i S%£ﬁ$§g¥§}og§gﬁst %rt?qqug?@&ﬁo. The system of claim
20 wherein the seed laser is an active or passive
node- | ocked | serT 31. The_system of claim 20 wherein
the seed | aséP- i s THe pysm eheam 2y wherebyihe seed lasehisarg-switched
2 di eflerolader orllaser Wideaiy e a%tﬁéerﬁtg'gti(qu &ollt SitenTBHSnd.
for optically anplifying includes at |east one
fiber-optic amplifier.33 . The system of claim 32

wherei n the hiber ' Ll . Ln o u
' 30 dB. 34. TEZ syg?gtfri’sg?ﬁg? Qﬁ’nﬁ 70 VR s Byt ‘ifi‘ﬁés)?m’t‘l’ress“
2 pr etisticsr id reeeivedibye thergedns ifer optically amghfyirig. about 1.3 nm
to about 1.55 mm and further conprising a wavel ength
shifter to shift the |aser wavel ength of the anplified

1 sequence of 08t puThe system of claim 20 wherein the seed laser is

diode-pumped, solid-state laser.

[\

1 29.  The system of claim 28 wherein the diode-pumped, solid-state

2 laser is a fiber laser oscillator.

1 30.  The system of claim 20 wherein the seed laser is an active or

2 passive mode-locked laser.

31.  The system of claim 20 wherein the seed laser is a high-speed,

2 semiconductor laser diode.

32.  The system of claim 20 wherein the means for optically

2 amplifying includes at least one fiber-optic amplifier.
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pul ses fromthe first predeterm ned wavel ength to a
near Infrared or visible wavel ength. 35. The system of

W@ R@7092803 wherei n the neans for generating i ncPOT®ES2087/061592

master oscillator and the neans for optically
anplifying includes a power anplifier (MOPA). 36. The

1 syst em of cl 83m 20 hedspstern of clam B2 wherein thedihepoptipamplfier has

[ R S ¥ S

[a—

g%ﬁf&dib%t (ﬂlﬁt ive notion cause a di spl acenent of
pu

ses to exceed a predeterm ned tolerance,
and wherein the systemfurther conprises a h| gh- speed
beam defl ectqr, to. direct th ut p. ul ses
| ocati ons wi Cfi n Fﬂg YRy 8Eé’§“m3#5 "ﬁ’efﬁ—}? 1B %Hft predetermined
r eqavelegth iskl aaﬁh@joﬂa@bﬁtelt 3 Lthﬂk) dbbHtUC 53 1fh, @ﬁd furfhief @bkhbrlsmg
fabricated on_a substrate w thout causi ng undesirab

dafdpvelength ﬁ@ftsnf&ssmfbﬂls lasgrWavgleagbaf rtlpecam%lgf@f@eq}@mmfrputput
th &Inf e n t

or P8 PP e HrdChredhBlubkd WphMIcRRATID, 5 Raf dfbicA i visie
st wavelength. t he sel ected target link structure being in
a set of link structures, at |east sonme |ink
structures in the set of link structures being
separ ated by3a pl Tab spdtethasfsclaifn®0 3vhiéfam e meBAshfod generating

SRt fgpGERecl it B4 Hifchehns for ppLEHASTE g dtcideaa pover

3 taﬁﬁ?hﬁéﬂ (opajucture during notion of the substrate

TS S I

O 00 N N W N

e e T vy
N AW NN =D

relative to the | aser output, the |aser output having
at | east about 70 pul ses, substantially all of the

pul ses havingga py,s s%nquclhﬁrﬁ %@félr?ﬁl%%duéﬁkg of qutpyt pulses

pi coseconds and corr spon I hg pu Se power
t hend spegé obfelativel reatiin calnsaia diBﬁEchlmﬁbf the dunp.& pubsasto exceed a

ng at t |
PHegPamediehnls, AN HEFHRIhE Spldh Himer, oshpsises o pieh-speed
| ebeam téfecpovie dirderthe bytpof pulses tp ldcafionswithig thowl@asdegh

to avoid the undesirabl e damage, total energy of al
of the pul ses being high enough to renmove the sel ected

target |ink s7ruchunethvliof ferdbviflg aVekledted Talgd felmlf1 structure of a
undesi.rabl e damage to ot her Ilnkstructures I n

of Cirquiidabricairel ir ebstrate withew causingsindesirablei damage fache substrate
r elua‘ drl)lllﬂ?gt‘?feégﬁﬁs gét?gﬁrrc‘tzle ‘g@@&g&"ta?éef :f?lnl( Csﬁ‘gcr:]tg{ eﬁgbeté% §lﬂ§trate or
m Halppguctges afijagentghéy ede@éd trgétrtink7stnicerre the tshlectad egrget link
of sARRIrY! 'b@ﬂlg iff a set of link structures, at least some link structures in the set of
link structures being separated by a pitch of less than 2 pm, the method comprising:
applying a focused laser output to the selected target link structure to

remove the selected target link structure during motion of the substrate relative to
the laser output, the laser output having at least about 70 pulses, substantially all of
the pulses having a pulse width less than about 100 picoseconds and corresponding
pulse power densities in the range of at least about 10° W/cm? to less than about 10"
W/cm? at the selected target link structure, and a wavelength of about 1.2 microns
or less, the power density of the pulses being low enough to avoid the undesirable
damage, total energy of all of the pulses being high enough to remove the selected

target link structure while also avoiding the undesirable damage to other link
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carried out wwth a sem conductor |aser diode having a
wavel ength in the range of about 1.0 mmto about 1.55

worgo7apsheast one fiber optic anplifier, and aPCT/@8207/061592

16
17
18

w A~ WD -

[u—

one wavel ength shifter that shifts the wavel ength of
the diode to a near infrared or visible wavel ength. .
39 strifdteresrin el sesfofdinki str@8irehethe laser I9UtPHA PEQVEGGE HopA relative

the | aser diode js : t [ '

1 EagrEn Epodtst o 8%k pa lon AR SRS o kéneB of about 1
0. fficiomto 46out Bhaicemishod of cl ai m 38 wherein the

shifter is a frequency tripler and the shifted

wavel ength is a visible wavel ength. 41. The method of

cl ai m 37 whengi n trhe methed® onicthim 37 vaiebsih ahé iselpl of applying is
of the pul ses corresponds. to auFlat.i on V\hegefe]itﬁ.a ¢
f| Geried ouh Palfosenieesiductor Lasplodiofe PRWpe B A elepplidp fhgrange o

r eyl ¢ 581y, R1QROSA M lopti® afnPRfiérdad &t least one
rogtp&gf“!t)ﬁgﬁgﬁbgg%msg#h, wher eby theogél ec eé t ar get ©

| i mavelengthtshifterithatr shifis, the wavelengitephlic digdhta a neal infraged or
nmet h of. claim 37 wherein the selected target |ink
stW&@ﬁ ngggaggbered by one or nore overlying

passi vation | ayers, wherein the power density of one

or nore puls creates a ¢ mal ,.shock. t o t he .one o

nore overl yi ﬁé pa@F\%ﬁﬂ?"é‘m |Ci§}glr3585\gﬁgellnetﬁ%\\}’g§elflféh 8?1316 laser
or digdeeis oMt Vi. 5% Las shev shiiften id ayfrequeadyl dolblesehmt tisd shifted
target link structure, the renoval of the one or nore

3 ovaavelength i%3kquy 817504M} ayers and the sel ected target

wnm W N -

~N O R W=

[u—

link structure occurring as a result of both
t her no- mechani cal stress and abl ation. 43. The nethod
of clai m42 dher eiThe trhethashef dainmBB evlevein|the shyfter is a frequency

passivat i | ayers are i.naorgani assivation | ayers

Pavinlg e sEEA udbRuedi T A7 MAF AR ovi o)

wavel engt hs, and wherein the pul se power densities are

| ess than about 1Q 12 WcnR. _44.. T t had qf claim .,

37 wherein p&hjse 8t ﬂlegpggpﬁéfgg} I%%né"’ e‘Phg‘epQP@ESWIdth of

| S siibbtdnfiglly am Bﬁﬂ@fyuﬁéﬁwr_regﬁmﬂﬁ td & daReibh wiérdi® a fience thRshold

nmet hod of claim 37 wherein the focused | aser oqut put

hador selected target link structure removal is substantially proportional to the square
root of the pulse width, whereby the selected target link structure is removed in a

thermal manner.

42.  The method of claim 37 wherein the selected target link
structure is covered by one or more overlying passivation layers, wherein the power
density of one or more pulses creates a thermal shock to the one or more overlying
passivation layers and removes the one or more overlying passivation layers and the
selected target link structure, the removal of the one or more overlying passivation
layers and the selected target link structure occurring as a result of both

thermo-mechanical stress and ablation.

43.  The method of claim 42 wherein the one or more overlying

passivation layers are inorganic passivation layers having absorption edges in a
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a dinension that is |ess than about 1.5 mcrons. 46.
The nmet hod of claim 37 wherein focused | aser out put
WO p@i70os83 at | east one pul se focused to a non-POINE2007/061592
spot to inprove energy enclosure of the focused | aser
output within the selected target link structure. 47.
3 Theaangstof glirayioles|waveleagthswaad svhgreimehe pylse ppwer depsitigsare less than
an he notion cause a displacenent of the
4|ag%§a§§f§§@° 0 exceed a predeterm ned tol erance, and
wherein the nmethod further conprises deflecting the
pul ses to dirgct e ses.to. lgcations within the
l{olerance. 48 ThM#ﬁ%‘F%CIE%?ﬁ]W&'?r%BWé? W“?thé’?gf lepst one
2 of oftid plidsigin the earigei FUbOUL30VIsttD aBOurABHAPESt 0- Opt i C
device or an electro-optic device. 49. The nethod of
claim37 further conprising: spatially splitting at
11 east one pulgge OfThehfeth RS clAN 3T Uher&n 1Y Bk dsed1REPoRput has
spatially split pulses; and selectively directing at
2 | eaglimgpsdonpthat jsdessghan ahouy 1 Spnicronsul ses to the
sel ected target link structure, to a second sel ected

target link structure, or to both of the sel ected
1 target |ink gbructlheewthdd®f clhim fetheesdn écusdddaser Sutput includes

wherein the st of lyving i,s carried out with
2 it feapteone pulss Therspd BER ndn:foU 38T To mpIovRSneEEY Faslqsus; of the
3 corfpuusekRhsaiutmalwithic trlselecRg tagtrlidisstaicnirbe | aser
sources into a comon optical path.51. The net hod of
claim50 wherein the | aser sources are of different

1 types, and ay7! eaghe QRRh& of H1Fink 37 WhePGH Elfeeﬁufpﬁégﬁgj pr?nﬁs%s and

a sem conductor |aser diode. 52. The nethod o
2 37 spgsdr ef rthe Heotipmsauseod displarements oAltbeitlasd- QOPut &B exceed a

Th f ' el I one _of. th .
3 puprRlepfithed tofgtbflai SR Aood Aiine? LomBljscs fE gecting the
4 nephises ofdicathepdlkesvieloeations wdthém thegylegdncsubst anti al |y

all of the pulses is about 1 nJ or nore.

1 48.  The method of claim 47 wherein the step of deflecting is

2 carried out with an acousto-optic device or an electro-optic device.

49.  The method of claim 37 further comprising:

spatially splitting at least one pulse of the laser output to form a group
of spatially split pulses; and

selectively directing at least one of the spatially split pulses to the

selected target link structure, to a second selected target link structure, or to both

A N AW =

of the selected target link structures.

p—

50.  The method of claim 37 wherein the step of applying is
2 carried out with multiple laser sources, and wherein the method further comprises

optically combining outputs of the laser sources into a common optical path.
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55. The nethod of claim 37 wherein the focused | aser
out put produces a heat affected zone having a

wal2enz/0%i86h in a range of about 0.1 micron to aPOTUSDNBB61592
m crons. 56. The nmethod of claim 37 wherein the

focused | aser output has a dinmension that js_|less than ¢
1 about 1.0 ni &lon. The methed péwciaim I} Whersin,the lasgy, sourrss are o

at |eas ' l.at J I ; ;
2 Gu TR R AEIE i o BRMAGE Shrfd Sfiprides o PRIGRBRYr laser
3 nariggkeconds to about 10 nanoseconds, thereby
corresponding to an effective repetition rate in the
range of about 100 MHz to about 500 MHz, and wherein
1 the tenporal s3paciThg n@Assdslain B7 Wheieiti the vambérsf pulses is about
di ssi pation of a vapor/plasma plunme produced by a
2 préPi?0s | aser pulse interaction with the sel ected
target link structure and the |ink structures adjacent

the selected target link structure. 58. The met hod of
1claim57, whéBei n Theanatkodnficlaimsikhareingkleast ope of the pulses has
subst ant i al [d i jately adj acent pul ses is about
2 5 ﬁgﬁggéggdgéﬁo‘%réagﬁ%ﬁ 59. The nmethod of claim 37
wherein the pul se power densities are in the range of
about 109 to gbout_10u W angd_wherein at |ea e .
I pul se has a pdtse edfl‘ﬁh?chg?ﬂémf g?@@eg},m ﬁ’efeéwgy (?ftsungantlally
2 Pi GASITGROPSIsdss hB&ift 1tA¥ast mereut S0 pi coseconds. 60. A
met hod of renoving a target link structure of a
circuit fabricated on a substrate w thout causing
j undesi rabl e dgmagergeontdigd S Rpim £ wefin HeefRfilddd fser output
| ayers between the target link structure and the )
2 sulpsoduseea heat affeeted zaneaving aglimensiereinta rapge plaboyt ¢dtmicron to

lin t the nethod conprising: applying a
3foé§8®éi?g§§@%8ﬁtput to the target link structure to
renmove the target |ink structure during notion of the
substrate relagtive .to the |aser tput., 1he |aser
L output havi ngtabodite 7! ofiim 1/Suterein i ey dhsey output has
2 al I3 difnehdi6n Bat KS8sshar Mbud 1Bnsgomi dth | ess than about
100 pi coseconds and correspondi ng pul se power

densities in the range of at |east about 10 10 Wcn2
1to less than sgbouttplGiénid Bﬁgla% FheuHetdif & 1ehditvo irl]rgnediately

structure, and a wavel ength of mcron or less, t
2 puladiasemrmanses ofithe laser output have a temporal spacing in the range of about 2

3  nanoseconds to about 10 nanoseconds, thereby corresponding to an effective
4  repetition rate in the range of about 100 MHz to about 500 MHz, and wherein the
5 temporal spacing exceeds a time interval for dissipation of a vapor/plasma plume
6  produced by a previous laser pulse interaction with the selected target link structure
7

and the link structures adjacent the selected target link structure.

[a—

58. The method of claim 57, wherein the temporal spacing
2 between substantially all immediately adjacent pulses is about 5 nanoseconds or

greater.
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for a relative energy process w ndow of 30% or greater
for link pitches in a range of about 1 to about 2

woR@7oms036 1. The net hod of cl aim 60, wherei nPCHES2007/061592

wavel ength is |l ess than about 800 nm and wherein one
of the pulses has a pulse wdth of between about 30

1 pi coseconds 3%d aBbemetodof cloine 34 mibsteisthe pylse paweneasities are

SL %nc %@irﬁ@%f%&ﬁteﬂom td {bg)}f F@DWE%ﬁ%%gXiﬂégeih at l;cﬂzftroing Bulse has a

sem conduc aser avin

3 wapelsewdth ih thet tange afwfevopicadeoanids ko fessnthanababiodt pitossonds.

O o0 1 N W AW e

— e e
N = O

HOW N = w

[u—y

mm at |east one fiber optic anplifier, and at |east
one wavel ength shifter that shifts the wavel ength of

the di ode toghess Al hthod df fehfoVingds targ@elinke bip@duref of a circuit
clai m 62 wherein the wavel ength of . the |aser diode is

ababricated on raubiEnte Hithew; GepEing padesirable damags toghe sykstrate, any
an Qieiéaﬁ'cslgjrefré sweEEL ?a?%% Hink Stred@étand thexuBitfdt B8 1inf $tructures
The mstho of claim 62 erein the shifter is a

f r adjaeant jo theitpriget linkhiruchue siip meshpd ROFAITSIAZE h i s a
Vi si bl e wave . ' '
t he pul se pO\%\gél 9@2%@? ?lllsg&; fag%’é&{?ﬂﬂttﬁgleﬁ%%ge 0 ta o&ﬁior}emove
10¢%het targeblink sti@uturd/dunidg naotibnwifehesubstaate Irelatve wrthe téfser output,
th ul ses_has a | se wi in the range o f ew .
oi sSlieed ot Bpitgbbortieo bl apfet, ey Al of cisiplisp paving
ek hatkeowidth aés dén \wbateion ﬁihéseﬁmedndoéorfésb&ﬁﬁn%a@dlse power
speed of the notion cause a dllg,g&/?g?nent of the la

e

oUBRAISSgn EecBBeF af 5saekARonl{ HEW/EBF & lepBan gyt 10° Wie at
m?r{eethfktegﬁlglc SRidaad, dndd %elé}%gﬂfﬂ SRRréed 18GL Hilgﬂ)uli%g providing

pul ses rect the pul ses ocations w f _ .
t offerraretasive 7crgy progess Wodowfof 304 or g@aten derdink pitches ineprange

of {1l ect] i rried out with an acousto-optic
de\9?§be°ugﬁ tgﬁg%lftzzc@?%é ptic device. 68. A systemfor
removing a target link structure of a circuit

fabricated on _a substrate w thout causing undesirahl e
damage to th_glsubifg?g%e ,Oda)?”ﬁaapébewﬁ?qew gyavele ?wel@ﬁﬁ than
t hgbdiBOG hm!, hftkwhéreCdne0f tlf%:rﬁiillstelb BaSHPRALE Hidih oPbetiveabout 30

structures adjacent the target link Structure, the
t aPigesecondnanst abgut ¢} picpsecerfsi n a set of 1ink

62. The method of claim 60 wherein the step of applying is
carried out with a semiconductor laser diode having a wavelength in the range of
about 1.0 pm to about 1.55 pm, at least one fiber optic amplifier, and at least one

wavelength shifter that shifts the wavelength of the diode to less than 1 micron.
63.  The method of claim 62 wherein the wavelength of the laser
diode is about 1.55 pm and the shifter is a frequency doubler and the shifted

wavelength is about 0.75 microns.

64. The method of claim 62 wherein the shifter is a frequency
tripler and the shifted wavelength is a visible wavelength.
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structures, at least sone link structures in the set
of link structures being separated by a

W@ ermp280d- cent er spacing of less than 2 nm tPET/EFHNTNG1592
conprising: neans including a | aser subsystem and an
optical subsystem for applying a focused |aser out

ut, .

to the targeb5|i nkhemethod of elaimy 60 sihgiein the pulse PONKEr q%P?ﬁleS are
Stf g%‘;{n e%ﬁ"%ﬁ(ﬁ? 16“1& 2860t 0! V0 R Uit ke €in 2 leBStion€ of the pulses
thg1 aser out put having at | east

abhag a71§hlwlvsadith ins tHes tamge i ofl 4 yfew! picoseconds fpuleseghan about 50
havj ngqc ulse width | ess than about 100 pi coseconds
an8<@ P%‘Espondi ng pul se power densities in the range

of at | east about 109 Wcn?2 to | ess than about 1012

WcecnR at the target link structure, and wavel engt
of about 1.26fi cr dhe msthqdeefclaip,@0 B’é\ﬁé“r‘ng@% yrpber Q}H”FFQS and

pu%}ze%ﬁ BEHRS nhRnCBRNE M Ri?sp?a‘é@fn%tt be tHé‘q & to exceed a

the total energ he pul se ein .

h| grcdemmghd telerapem \and mi@rena rlyemethqh Kurgher G@mn&esm?lpfémg the
Vol A BR e other link

st ?)&S utr e&gfe'agm{eﬁﬁls%@?o eﬁ)ﬁt?ﬁ%}%”structq 8%6%?%% he pul ses

providing for a relative energy process WI ndow of 30%

or greaterf [ pitches.in.a n
I vicron to ab t 2%}? ?fﬁ%fogﬁ@“g (g)a%’ﬁ%e }t%g&éﬁjgé}c}g ectmg is
2 f ocaRRAidut Mithn dcbestd-pticesliteasen dettudptirdenicehe

target link structure.69. The system of claim68

wherein the wavel ength is | ess than about 800 nm 70.

3 The system ofgcl aiATygeniisr finloviAle alt@gerl ik BEYSLRDOS a circuit
conprises a sem conductor |aser diode having a

4 waVairisatgdton; nsubpi@ate ArigeuFausipg @pdqsu@ lerdamage fothe sybsteate, any
t f K
5 DU ARG BE TRk IR o B8 A e
6t hadﬁicemi ehd targﬁslmkt &tmmurkezthei targen &ink E&*uctiitaebe;;xgulemsot of link
70vvhre|nth er is.a frequen dou
7 andirBeBres nRESh S BRE g ot o8 Bk st Dol separated
8 TheysycehRmtebentbradpatinf ofMss eaf 2 i@, sl sybtem ¢0$n1ﬁ1s1ng
frequency tripler and the shifted wavel ength js

9 visi bl e waveM3gs including lases subgystem apd a@inn%@awﬁ'&swﬁm for
10 ¢ hgpggi@ea RENEA 1&%@@%&5 eﬂhﬁlbardca&e %o AfmARARE target link

bout 1011 erel n at | east one of
11 t hetrpethreeduring motion of the substrate relative to the laser output, the laser output

HWND -

HW N =

12 having at least about 70 pulses, substantially all of the pulses having a pulse width
13 less than about 100 picoseconds and corresponding pulse power densities in the
14  range of at least about 10° W/cm?® to less than about 10" W/cm? at the target link
15 structure, and a wavelength of about 1.2 microns or less, the power density of the
16  pulses being low enough to avoid the undesirable damage, the total energy of all of
17  the pulses being high enough to remove the target link structure while also avoiding
18  the undesirable damage to the other link structures in the set of link structures, the
19  pulses providing for a relative energy process window of 30% or greater for link
20 pitches in a range of about 1 micron to about 2 microns; and

21 a positioning subsystem for positioning the focused laser output onto
22 the target link structure.
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has a pulse width in the range of a few picoseconds to

| ess than about 50 picoseconds. 74. The system of
wabk@7nvB83 wher ei n t he nunber of pul ses and sperdr/ob200Me61592

notion cause a di splacenent of the laser output to

exceed a predeterm ned tol erance, and wherein the

system further conprises a high-speed beam defl ect or

to direct th gpul i i < less th
Ltol erance. Thgﬂgﬁgﬁgﬂlm%g? fat.:xfl 216? n%@i\mgé 2{% velength is less than

2 defabacttS@Odm; an acoust o- optic device or an
el ectro-optic device.

1 70.  The system of claim 68 wherein the laser subsystem comprises
2 asemiconductor laser diode having a wavelength in the range of about 1.0 um to
3 about 1.55 um, at least one fiber optic amplifier, and at least one wavelength shifter
4 that shifts the wavelength of the diode to less than 1.2 microns.

1 71.  The system of claim 70 wherein the shifter is a frequency

2 doubler and the shifted wavelength is about 0.75 microns.

72.  The system of claim 70 wherein the shifter is a frequency

2 tripler and the shifted wavelength is a visible wavelength.

73.  The system of claim 68 wherein the pulse power densities are
in the range of about 10° to about 10" W/cm?, and wherein at least one of the pulses

has a pulse width in the range of a few picoseconds to less than about 50

B T S

picoseconds.

74.  The system of claim 68 wherein the number of pulses and
speed of the motion cause a displacement of the laser output to exceed a

predetermined tolerance, and wherein the system further comprises a high-speed

O O S

beam deflector to direct the pulses to locations within the tolerance.

1 75. The system of claim 74 wherein the deflector is an

2 acousto-optic device or an electro-optic device.
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