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regardi ng | aser-based material processing is
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
processing target material in a microscopic region, for instance laser based

20  micromachining of target material on a substrate. This invention is particularly
applicable, but not limited to, laser repair of redundant semiconductor memory

devices.
2. Background Art

Economics and device performance have driven the size for the

25  DRAMs and logic devices to very small physical dimensions. Not only are the
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Other representative publications providing background on link

processing of memory circuits or similar laser processing applications include:

25 "Laser Adjustment of Linear Monolithic Circuits," Litwin and Smart, ICAELO,
(1983); "Computer Simulation of Target Link Explosion In Laser Programmable
Memory," Scarfone, Chlipala (1986); "Precision Laser Micromachining," Boogard,

SPIE Vol. 611 (1986); "Laser Processing for Application Specific Integrated
Circuits (asics)," SPIE Vol. 774, Smart (1987); "Xenon Laser Repairs Liquid
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and al one may not be sufficient. An inproved net hod

and system for
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,
25 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

30  expensive and alone may not be sufficient. An improved method and system for
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-3-fine pitch link processing is needed to circunment
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ﬁgﬁ%dﬁlﬂﬁﬁcﬁ@%@i‘ﬁ%%ﬁ%ﬂ%%?@%gl% oP olpaf pﬂl%es The beam delivery
system for delivering and focusing at least one pulse of the amplified sequence of

pulses onto the target material. The at least one output pulse having a pulse duration

20  in the range of about 10 picoseconds to less than 1 nanosecond. The pulse duration
being within a thermal processing range. The at least one focused output pulse
having sufficient power density at a location within the target material to reduce the
reflectivity of the target material and efficiently couple the focused output into the

target material to remove the target material.

25 The system may further include a deflector for delivering the

sequence of pulses.



The system may include a pre-anplifier for
pre-anplifying the seed | aser sequence to a

w@e@dessp4ri ned pul se energy | evel prior to thePOpUSmad032661
anplifying. The systemmay further include a shifter
for shifting the first wavelength to a second
wavel engt h prile sptahengptindede anpdoampirplye optisals ubr-ssistem for
may futh her incl ud%ga m)&ul ﬁ)tgr for controllably
sel PEPFUGHER Dy LR fopuse oibubPulsee 211 i fi ed sequence
of pul ses based on position or velocity information to
synchroni ze a |ink and | aser beam position during,., .
rel ative moti oresysiEE MRy BIcB\de ddPreRaphifier ﬂe-awghfymg the seed
out ; ' bfivd S\icallh®olifvi
cystiaey Bieey APRAEAE phRE cARE Kk I b Oflical Bpliying.
controllably selecting at |east a portion of the

equence of pu}se e it 0 (o VAP .

qs nf or mati on tgh%eygpc':sl?eﬁ%ni %}gr%gﬁﬁ%n’%{cang %§§§69b@g%hlﬁmg the first
posivdvelengthr torigseteidaivavetenygedi poor ®ahasptical pmplifydeg.at
| east one pul se to process the target |ink on demand
prior to the optical anplifying. The systemthe

sequence of | aﬁﬂs{zﬁ’cb‘ﬂnﬁﬁa‘@y fiBYei@avadéa hitRekiok fdton@blRbly selecting
that is greater than about 1 MHz and wherein a

nod @k deastra pertion of tismmyplifiadesequence of pulgerdiased or pptitierer velocity

to r. . Tt . i in: p .
ol PRI, SRR 2Tk L b ke Ay e oo o
10 ases tpproade mpt least adeugiut pelks sutsaguant ke theloptical quplifying.
nanosecond duration greater than about 1 nanosecond,

and the system further includes a nodul ator for

conpr essi ng orTtelsysemgndyharthér ihcladd a aodulapn daaoatellably selecting
pul se to produce % pul se h?viﬁg the duration in the. .
r angiélegst psstien pkthe sequence of ylis based o pasitpn pryRpcityjglormation
S _eego LARBForFRYa eﬁldqas%%éaﬁhg&iﬁﬂncc[&h@%@lrati% mb8&E$o as to provide
di ode.” - 5- The nodul at or nag e a conpressor di sposed )
bet wtdpast mespuler lapepceandha fsgetinpnk fanedemped prior to the optical

1 oaOr ey b6 5 o1 i cer i sposed after tha amplifi er
and slicing is performed subsequent to anplifying.
The system the sequence of laser pulses may have a repetition rate
that is greater than about 1 MHz and wherein a modulator controllably selects the
sequence of pulses to reduce the repetition rate to within the range of about 10 Khz

to 100 Khz.

20 The system the sequence of laser pulses may include at least one pulse
having a nanosecond duration greater than about 1 nanosecond, and the system
further includes a modulator for compressing or slicing the at least one nanosecond
pulse to produce a pulse having the duration in the range of about 10 ps to less than

1 ns.

25 The at least one seed laser may be a g-switched microlaser or laser
diode.



The seed | aser may be a di ode punped solid state
| aser. The di ode punped solid-state | aser nay be a
wo pdws3ddaser. The seed | aser may be an active PCT/US2004/032661
passi ve node | ocked | aser. The seed | aser nay be a
hi gh speed sem conductor | aser diode. Anplifying ma
be perforned uBiemodulatoemsy beraeomippessorogisposedpgsivedr e seed laser

The fi s i fier. have a. gai n_of 30
O L T e
shifting the | aser wavel ength of at |east one pul se of
the anplified sequence of | ses fromthe first , ..
wavel ength to a's®e aomgﬁsﬁéﬁ?md&@gé@pﬁ&ﬁr D5 3pifiFend slicing
m Cri@?erfgﬂﬁéd‘ﬁibsédﬁeﬁ%rﬁﬁﬂ iyt the objects of the
present invention, a |aser-baSed system for processing
target material within a mcroscopic regi on w thout
ausi ng undesi [ ctrical iL.gal
%har acteristi Ci;ﬁeg%e‘égt? ﬂ?ﬂg@? bg %e(ﬁlr)fget I%elﬁléel% Y ﬁ? rs(%%%%‘ﬁg
the target material is provided. The system conprises
means for genepating a sequence of | aser puls
nodul at or mean$’® &alﬂge Pr\é‘ﬁﬂgiu?(g -YiRlF faseh mﬁ&%gnqjﬁfa%rcla%qr ng
the at | east one output pulse. Each pul se of the
sequence of pul ses may have a pul se duration in the
range of aboutTheosesil dsgeBBlids apgctivser pasaine mode locked laser.
nanosecond, the pul se duration being within a thernal
processi ng range. The nodul ator nmeans nmay be for
control | abl y sHiceseed tayemmay dbasthigh speed isemicohdudier laser diode.
sequence of pulses to provide at |east one output
pul se to process the target material on denmand. The at
| east one out pAnphfyisemaple pafaaied usingdt Rag ohefibgegtic amplifier.
-6-onto the target material. The nmeans for delivering
and focusing may conprise an optical system The at
1h east one focupRdiutaput aRipiSier FBY hiRy S gﬁﬂfcff'aﬁb&rﬁ() dB.
power density at a location within the target nmateri al
to reduce the reflectivity of the target material and
efficiently coppl S 8fkL,O | |
material to rem)vgyszt‘%g r?%?get r}a@{é&?gld Qﬁ\"ﬁg{ ?ghtﬁ@nc the laser
of |wsetength ofes lemsy olepualse afhthk iafriphificd eeguenaeoiofulses from the first
pul ses, and wherein, the nmeans faqr ner ating _ may
" ncl VA2 et C L PT el Rgth et B AP s T
( MOPA) .
Further in carrying out the objects of the present invention, a
15  laser-based system for processing target material within a microscopic region
without causing undesirable changes in electrical or physical characteristics of at
least one material surrounding the target material is provided. The system
comprises means for generating a sequence of laser pulses, modulator means, and
means for delivering and focusing the at least one output pulse. Each pulse of the
20  sequence of pulses may have a pulse duration in the range of about 10 picoseconds
to less than 1 nanosecond, the pulse duration being within a thermal processing
range. The modulator means may be for controllably selecting at least a portion of
the sequence of pulses to provide at least one output pulse to process the target

material on demand. The at least one output pulse may be delivered and focused

-6-



The system nodul at or nmeans may i ncl ude an

acousto-optic nodul ator or electro-optic nodul ator.
wab@sebses r o- opti ¢ nodul ator may be a Mach- ZehPdBUS2004/032661
nodul ator. The nmeans for delivery may include a beam
deflector for deflecting at |east one pulse to the _

t ar guto thettargeamaipaiabd The means & sielivéringnandplosisindmag sgmprise an
vel ogj.t.y; d i terial r tl M

Vo rihued SRl {¥he 81 bkl Bl b8k T B2 sblione pover
t he dehjigrdts lodatibhevithirethe nargenwenetinlow, redude aserefloabdny of the target
system f.qQr processing targef nmaterial within a .

o cribaeieat PRy WP EHBEC oS R e (HBTEE! BRigHgh remove
35N ah@edrbétGadte®dl. Physi cal characteristics of at |east

one material surrounding the target material is

provi ded. The system conprises a first |aser and a

second | aser, i ner WAl :
seoond | aser | B EATETPLIE il AP IOLRYARIA cqunce of pues
del iandrwhesyintthermeTimefofl igen¢rating arayandude s ewasted oscifletor and power

may be for cing a plurality |laser pul ses having a
tenr?&?%ﬁe%m' bet ween the pul ses. The at | east one

optical amplifier may be for anplifying at |east a
portion of the plurality of pulses. The controller may
be for cont r ol THeSysteTAanqduling magans Ay ingdpdsanppusipReghodulator

1Pasef A iR-dHie ISR ned physical property of the
target material. The beam delivery system may be for

delivering and focusing at |east one anplified pul se

onto the tar geltheﬁéscglroi- tic ﬁgcﬁllalﬂér bﬁg%% a%gchq?%lgrgc%a {noilalator.

pul se having a p ration range o
pi coseconds to | ess than 1 nanosecond. The pul se

duration may within a thermal processin e. . Th .
At 71 east onerBEAlS der S Bt U DG At dJieRR; forgfenecting
suf fat Eagiitine PAWE fo theNsigbymaderial BaREPdN Sfleadt bMd2 foBRion and velocity
target material to reduce the reflectivity of the

t ar deformaiies pighe fatgetanateriplaglatiye gths|ag laapieonequilsse d
output into the target material to renpve the target
material. The systemcontroller may further include a

ldel ay |ine. Thétgnehbatioroaryen pitythe objectsr afpibe tpyesent invention, a

Rl ] S0l L TR PROREAL LS, RS reion
of without causing undesirable changes in electrical or physical characteristics of at
least one material surrounding the target material is provided. The system
comprises a first laser and a second laser, a beam combiner for combining the

20  pulses, at least one optical amplifier, and a beam delivery system. The first laser
and a second laser may be for producing a plurality laser pulses having a temporal
spacing between the pulses. The at least one optical amplifier may be for amplifying

at least a portion of the plurality of pulses. The controller may be for controlling

the temporal spacing of the pulses based on a predetermined physical property of the

25 target material. The beam delivery system may be for delivering and focusing at
least one amplified pulse onto the target material, the at least one output pulse
having a pulse duration in the range of about 10 picoseconds to less than 1

nanosecond. The pulse duration may be within a thermal processing range. The at

-7-



vapor plasma plunme. The anplifier may be a fiberoptic
anplifier. At least one of the first and second | asers
woregosiossdsd di ode punped fiber | aser oscill ator.PEr/UB®as032661
one of the first and second | asers nmay be a

sem conductor | aser diode. The tenporal spacing may

havdeast naen@p@u@d cabpaiy pulse genstlydwriog suffickmt pewRysieBHR R 2 location
The e c

T HEAcuBh AR, B 1 RINOPHEC e BESR; B8 matcrio an
appaerfﬁaltsnn‘ly oonglé ehef fobhsediongpud étai the tardersmiaterisl torremrbve the target
the best. nmode for carrying out the invention when

t akdRFH2lconnection with the acconpanying drawi ngs.

- 8- BRI EF DESCRI PTI ON OF THE DRAW NGS These and ot her

f eat ures, aspects and advant ages of the present

Snvention wil | Thesskm guitober maydnehedaciue a delayding. t o

the followi ng description, appended cl ai nms, and

acconpanyi ng draw ngs vvhere FIGURE a is a bl ock

di agr am showi n@heapmdaftennmnecbphwdahpmpepymmmsragilﬂfgnsnmhthermal
for link renoval using at |east one pulse in at |east

one RBABSHI‘ment of the present invention; FIGURE b

shows a bl ock di agram of a portion of the exter nal

nodul at or sub-system of Figure wherein a portion_ of an

ampl i fied pul sl%hq yyatem pl§d%t6mm6ql P}é)EﬁISﬂl BEADSHY dirludss dissipation of

JaB6r bla¥ { ssing of links; FIGURE c is a top
scheng Iéavﬂ“%m not to scale), of atarget link in a
row of |inks show ng, by way of exanple, focused |aser

utput on at l%egm ﬁtne% %}&Céﬁg%@&g Hgtl on of the

ink relative aser peamn a b) are
bl ock di agrans ShOWI ng sone el emsnts of aI ternative
solid statelae ubs ste
oscillator an ﬁ%lt]ilef Fséﬁt a{‘ %ﬁ %Wagﬁﬁ "’b‘é"de pumped

inclﬁ&eqiasgpogqudt&ast one enbodi ment of t he present

At least one of the first and second lasers may be a semiconductor

laser diode.

15 The temporal spacing may have a range of about 2 nanoseconds to 10

nanoseconds.

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

20  accompanying drawings.



invention; FIGURE 3 is a schematic di agram show ng one
arrangenent for conbining |aser pul ses or generating a
WG e@amssoed of cl osely spaced pul ses using mnul tipCEUS2004/032661

| asers with delayed triggering; FIGURE 4 is a plot
showi ng an exanpl e sinulation results of exploiting
differential theBREIF DESGRIPTEIN OF FHE BPRAMINGhHe
underlying substrate to renove the Iink wthout
damagi ng the substrate by applying two pul ses having a
pre- det er m nedThiskayd otBerFfedtiRts, S8pédds, sandr &hantages of the present
illustrating, by way of ex le, a relationshi ) .
bet wBEFRUOTELL DSkoRE helier %ﬁgﬁ?%z}tb regd 1Q thedollawipeescription,
LT nkyPhddd c1dibddUiid akohdphatihg affRngPwndRy Of exanpl e,
material renoval w th nanosecond pul ses; FIGURE 5c is
a graph illustrating, by way of exanple, dependence of

| uence thresh r |.5€e W . sh .
éxenpl ary pul sgi(\%j(\nﬂgtﬁhi?Zﬁgaegﬂ)ggddlé}grg}‘nglsgélgmgu?ﬁ%mon of a laser
par apreteskmgcorstens (fondinkg ranmvahiwsilignenieastobné Ipalser msenteast one
i nventi on; FI(%UEQE 5d is a graph illustrating, by way
of eSPARASENt Gf Ny RECSTHAMEEUBE ¢ he absor pti on
coefficient of Silicon on wavel ength and shows
exenpl ary | aser wavel engths corresponding to
enmbodi ment s of FXGHERE lbs &wsi #blaeki ¢iagram ef)repagton of ghe external

b1 ociodliARE 3B 311k BEFBLETEN el EpbifBfior SHARPHREF e wain s

wherern a seed laser o re IS a
1@ unpearobably delettad donl ‘awethe-dky¢ iprdcesoing axfdinksdi ode

punped, solid state |laser anplifier is used to anplify

the out put of the seed laser; FIGURE 6b is a bl ock

di agr am showi ngIGI/RAEDSa @fp sahdrAfRy view insys keie)\Wofd @ get link in

a seed | aser of Figure 2a of 2b y. be i cosecond )
| aset 'Yl 8§§“’bsr ShoPdRg i ey aﬁ%&ampg?, @PWE&E’% output on a target link
Pi CagReRRE dBMAS Gibtioh OF tIRXAIPetitivEEHIRRer BéAnC) are
bl ock di agranms” showi ng addi ti onal design
FIGURES 2(a-b) are block diagrams showing some elements of
15 alternative solid state laser sub-systems, 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

20  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;



alternatives which may be used in an enbodi nent of the
present invention, including configurations for at
W(l)e(msmwme of arrpl [ fi cation, vvavel engt h shi f t i PQT/Us20d4/032661
"down counting" / "pulse picking"; FIGURES 8(a-e) are
schemati c di agranms show ng detai | s of exenpl ary naster
osci | | at or povdGURIpDa fsi aegrapiMbmatratingnby way af exAmplov ighationship

R e Bhore SR BIACPEE T Bk Rl "o

at | east one fiber optic anplifier to produce
pi cosecond pul ses _and_ including at |east ogg nmodul at o

for sel ecting PHAERS; 5ba‘HHSt¥ﬂth§U ¥ Veny; of examp Kna&q:réadllgwpval with
of g,hases Cpgﬁg&l menory repair system including a

pi cosecondIl ser system and further show ng an

exanpl e i npl enentation of the present invention.

TAI LED DES 3

Duorviow - LATGIIE P8 R T COEIRG: Mol B v] Ggriple: dependence
Fi gwfeluece trdsholdkondasey rpamelmtiﬂnsetrﬂahowg egcrpulatyi pnﬂseowmah ranges
| aser .proce SI n stem 100 for of an )

el o CUHL CRITAE GHRF DFGelEFh RO EpoGTE oAb Eliuents @f the present
out gHtenpidhse 104 having a pi cosecond pulse width (i.e

, pulse duration, etc.) 1041 (e.g., as nmeasured at the

hal f power poi nt) and shows sone nmj or system

onponents i NGhrqAdE | %gi% d o(gf te;g le. th
l(gr esent i nventcff onis 5;11% A t hI Zlglgsttﬁgﬁg ib%%% ﬁ?p & He
t he deperetenconf ey abstrpliate caeffiicimde of Wilien, os ovavaleslgﬁlt and shows

| aser in. su S roduce inter p
103 TETPHE Jarde RTHEREnS Sabteriptifg b chPRRBb RS DU 3RS present
r andfiventid®; | aser nmay be a commercial |y avail abl e di ode
punped, solid state (active or passive) node | ocked
| aser, for instance. For operation at a preferred
wavel engt h t hepreipbEt 6al G3 aoialdcﬁedfagﬁfﬂ?@hé@ ”@bén{éﬁts of a laser
shifted in wavel ength by optional shifter (%

1har revhisystgarigeicior) ser:@ daSés(aHﬁqgéref 390% b rseaamoci@]pwap@dj solid state
wav VI n
Si ng}iszep%%({hatt& a%d a‘ﬁ‘}n@{ed sﬁ{(} ses may ogfegcle lﬁed to amphfy the
and cdm;but\oéml&eobet«mlaeﬂ,l nk 107 and the delivered puI ses
may have a pre-determ ned pulse width and tine
i nterval between pul ses ("tenporal spacing") based on
a physical prog€@UREOéb is a block diagram showing elements of a laser

sub-system wherein a seed laser of Figure 2a or 2b may be a picosecond laser diode

20  or microchip laser for producing picosecond pulses, for example;

FIGURES 7(a-c) 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”;

25 FIGURES 8(a-e) 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

-10-



at least one of the link 107, substrate 110, upper

dielectric layer 1091, and |l ower dielectric |ayer
wQa0®2/038Pbe beam del i very system may include  PCT/US2004/032661

pol ari zation control, relay optics, beam expansion,

zoom optics, and an Obj ective lens for producing a

nearaln;plxﬂleﬂfmﬁnatl least bherfibedoptroamplifidritalprddize p@oesecond pulses and

exter tor su stem 108 may be operated

undéfc H%‘H%&FEPS% ula%r{? SHEEPERIISSs 2% demand and

vary the power of the pul ses. By way of exanple,

pul ses 102 within -11-the gkoup of uI ses 1

omitted (as depO&EREY fsya blegk diagsrayo H&)base%“@mqv%f%{‘ system,

NOS 5 2 7 J-apdC 2,5hb 6 -exam
méﬂgl%g H %éS angdt %egsésg??%te d?{é{/t\nhénrgs?hoi‘v&%h ple

5 47]1nptmmﬁa)t10neﬁ¢1hﬁ prigeentisnvenfiom nodul ator to provide a

pulse to irradiate a |link on demand during relative

notion of the link and | aser beamin a | aser

processi DETASEDDHEERIPTION 0B PRERBRRED EMBODISMENT(S)

di agram of a portion of the external nodul ator

sub-system 108 of Figure a is shown, wherein a portion

of a pul se trahwrdied L $a60N8ysRh ARdnites@kect ed for
processing of links during relative notion between

substrate 110 and the |aser beam ("on the fly"). The

notion may be Rerfer;r e[S Fq ﬁpénlscl' 9%36%%1 ﬁlu}t]-gtmé 3 gortion of a

noti on (not sho strafe I'S gener
mourased pumeﬂmges&aemslﬂ)ager reandaldfanietectrizallp nomsfuctve link 107 using

é; 2tsaté }.ﬁo Oy g}lﬂ? gufg ?%B%V].P%é ngtsg]c:ggg tgﬂﬁ B e@tﬁ](g € | Ip\lﬂles[a Yuration,

6, 1141 1@ 19@0:. SashBehsiéd anaBilgITedwenpding aas sh@nawneimajor system
the present invention for precjsjon

met HOBYPORFHS Hiplidedin 4tdpashpag %mla?ﬂlwgnf;? %@%ﬁgvveaw is shown.

the A@sgh oheamb¥@iRht 6iethé‘t1ﬁ\>éﬁtl619nﬁy 1hcflﬁd@@§ioﬁé 9ﬁmped solid state
Cbntrol er 121 general |y produces control signals 122

basel@lseonmp@slv-tsy&mnl Hlorteraptaghice \ﬂéteb‘@¢<il9te| pelsedPohaving pulse
Ir ng&%gls? tllnoanpr%Pﬁq eélggée%/nd mf‘hé ?%0{1 ﬁr gltﬂenzg cSmmercially

I'on t'o gam os | on.
si gnahgable Aigkensumpddy sghd este(te (aactweomrnpa"ssiv)a) mmdedbd:kedl laser, for

switch 120._The opti cal s 2

out plttanser Fod opegtacnprfet s oS B Sl RERA Sstem 101
pul sBay b@sNfidPh whikd&Rith b epaeRe sEife 1031 (SLS am&nmmy generator)
have a controll ed output repetition rate and te

spadPhexamde fHorea peaTinfRise Wavelgngthripa visls Oamapﬁéfs)vavelength
is used to select the at | east one output pulse 104
that irradiates one or nore |inks (or other

20 A single pulse, or plurality of pulses may be selected and delivered

to a link 107, and the delivered pulses may have a pre-determined pulse width and
time interval between pulses (“temporal spacing”) based on a physical property of
at least one of the link 107, substrate 110, upper dielectric layer 1091, and lower
dielectric layer 1092. The beam delivery system may include polarization control,
25  relay optics, beam expansion, zoom optics, and an objective lens for producing a
nearly diffraction limited spot at link 107. Optional external modulator
sub-system 108 may be operated under computer control to provide pulses on

demand and vary the power of the pulses. By way of example, pulses 102 within

-11-



m croscope structure). At | east one optical el enent

114 within the beam delivery system nay be used to
WEe@si03sby position the beam wai st at hi gh sperdr/asmot/as32661

further optim ze the delivery of the focused out put

pul ses. Referring Figure Ic, exenplary pul sed | aser

out phe goonp of pelsesl 106kmay beamiftadiées depocted by kel dashisédines). U.S.

Dol o8t N s AT AN CRIL S8 130 Bhe 84 2801, 14, tine 33 and

correspo ng’to’ |%BCt 66 he "drstance
1043he assoeiapdrdtawings bhthet'éMppatert) sqele iegisber ammﬂutdm to provide

pul ses durl n el at | tio I f distance J

5 BRI 99854% et TSP 18 TEJAHRE BHIOR, ST ik and laser
§ NStRARLInl £8 gﬂ@&sﬁﬁ Yeydedig. fraction of energy

encl osed in th 1 nk vvl%/ approxi mat e perfect spot

positioning. Distance -12-(or displacenment) 1044

general ly repr

laser out put ﬁﬁf?{:}%r?get%qﬁ?&rgq ?Sg)é‘grd@%%@ a?)fortﬁ(ﬁfsof the external

per fmodulgtbacsebmyﬂtemA@Stdf&@ewptn &l shouns e;vlsapanlmgortlon of a pulse

i ncreas the s rel ative notion_ j.ncreases

w O AR i RERtRy Seled &b Pr-Eameapt LB FRTTE wifye motion

| Stk eSaLsRirhidClrOamidnle GRBShehed atdnOfe fl?U}ﬂ %BeﬁbtidnSnay be in
at en plicatian assigned tg th

Pat ent go I 2002/ 0167581, gli d

1Qssi thrrselimensions: ot gosian 1il ¥ ANotRm @akS %%é\*‘éﬁ"@%ﬁ biP which is
ref eﬂ@&ﬁxﬁhﬁ{)ﬂt ogeas%fepesﬁg¥aﬁh@% AXRUAQE 8% least one optical

yste I rect |aser pu ses to one or nore
| i nk@ema’mellépvitlvalthsbmmlsh\@nx syatemarRederence isthade to U.S. Patent

e e A Y e

FI g Lp"réc@ogposnﬁ@g%g ﬁxfétho&igﬂﬁll sfygt@ms écﬁrqmnmamgsof mmlmftao and the laser
Fi gures 19 an 0 1 and t
1§ thegRs vt Teubigad gk postionor Courallse A2 Spirdy perugss control

the giafiks dhymbasst ﬁ)SltfiH hifb@hatioh N1 6§ UBREMAHD Bt b&MYposition and
include a plurality of spots having at | east one

g wfrmagion r@llnaglig ROk pesitien poddpsedciegm positiasy.  Control
I ns tﬁ%‘%‘% 1”5' %ﬁulza(lel 7ga&3f(1 tehecomlél laﬂ%gg«garlnsliv tgz? Bt ?ﬁe eFtlcal switch

focu pul as a "clean erri
Fi g Ulr2® g2acraly pravides dirgpgt ladsesﬂOQd\dllctli aealpod@naif Itlsae mput pulse train

G it 501 8RB B RETIO TR B ST ARl eftion rare

l S Sehh@\télnpdicalsﬁ)@dng aheh tl(eﬁn@lulat@xs(@:lg | dieanodlator TSP EUBES to select
pul se train 214, the af qenerally havi ng
ouf fth%.aéd?aSér@ngpt@u. Pt 404 gha diAtGSC AR 9R Hpsenlinks (or other

| as erfuc%&b}%é étﬁ[cﬂ?r@)’- Aﬁ\%sts(ﬁﬁdoﬂt@ﬂeéleﬂ@ﬁ/t 128 witHif €he beam delivery
runni ng a predeterm ned
system may be used to precisely position the beam waist at high speed and to further

25  optimize the delivery of the focused output pulses.

Referring Figure 1c, exemplary pulsed laser output on target link 107
includes two focused laser pulses 1042, each having an identical spot size,
corresponding to selected pulses 104. The distance 1043 corresponds to the temporal
spacing between the pulses during relative motion 113. If distance 1043 is a

30 relatively small fraction of the link width, for instance less than 25%, the fraction

of energy enclosed in the link will approximate perfect spot positioning. Distance

-12-



rate or "gain switched" to produce pul ses under
conputer control. At least a portion of the pul se

W e@is038934 anpl i fied to obtain the necessary | aBET/UR20$€32661
energy to sever a nenory redundancy |ink, for instance
to an energy level wherein the link is severed (e.g.,
r enoipe d)splicemert) Ji0Ad| generally aepreseatp ametfiectave dimension of the laser
consj ' I [ raf.i
pul el LhER 8 B FRCPRR R RrePHt RERh A3 o femporal puise
averspgeing dnezeases ke opeedaifireladle annishdadraisepnar Wahdineolink pitch
an engi neering tradeqff pbetween.the energy of .a given
o SERRED Gelitn SPRHE JOP B0 TEriVY erRspacorTigtafon e
In one alternative arrangenent, shown in Figure 2b
énot to scale), a portion of pulse train 214 ma

be

ont 1ol 1 abl y SBkdishesti U1 Patenishpnligstion RORUDKFENI , assigned to the
arr of 4. : .
P 0P e bt b HeseHt Brblonting HERpbER b rekRn erein, describes
not i vaniobe mededs and stb-systeerd ©® dirett taker prdsssrto bsaor (ooa links. The
the fly"), -13-however. priof.to a ification 212 of . .
t he GRS AR 5 el Shich SoiFaly e Hieh $hecd single axis
Pr oCRFIeLid8, miy bddnEorporardd Widhin thelib¥idleledos, sysef of Figure 1a as
"pul se picking” operation may be used to match a

9" . ‘

10 epeeftireh SRecHicofelctnes mpider feekigures 13nanth 2Regf bRl and the

or deéo?re@;ﬁoﬂmg;géeﬁ%ﬁshﬁl AW ée@&gtﬁ)ﬂefdrt fuPthef 3b®rBhtdDSf the <581
aser 2 is th t

seed or exanple, If he repetition rate
of pliscdesute. aFnrtlers thet foewse/ontput May hecludeea phywality tof gpots having at

e . | . .
o S ph 0SB Sl B st B B . i 17
pul saf the disclpsuirbéllusutapasta fotustd pulye dsddodsar “sleddindbeant)’.

kHz when n = 1000. In at |east one enbodi nent, the
pul se train repetition rate may be divided by a

150n-integer (eR&errink%o ¥8guranth, ablb&eldiay @i & daglthalRltails of one
smal | range to synchronize the selected pulses wth

t he 3bgENagive polisk statp daspy sR-SystRE EHGh B8 be Mdudedgn g embodiment of
not i i atd . . r at

vor A REPIAEGA B0, SMER a0, Q! BB B0 fcuces s
108 Iraim3d4 nthy pudseb gemstallnhposg suffinicandiargy veikabdd for amplification

i nfor ion Ln. at Least one embodinent of the, present .

v ot bt e 21 PG e BT ERGS bT Bs Pppil A <8 brermined
26 el aateect “Brin Waytchéd "ewapgoldace pulbeauiinded Londfderofonk@$.erAt least a

anplifier 212 shows three pairs of consecutiv

I ReFfigiof e pulse & e IRicn i phieEE Pgrersay dascp pulse energy to

i VeRy&gal medfol FediBiardchamkb forSaéiisde! 4 @h¥ndiR! 6@ Wirein the link
l'ink 107, whil'e providing a reduced input répetition

r at ds aeEredg. av aergeed)nyiih apungle pulse. One practical consideration for
stable and reliable operation of pulsed laser amplifiers is operation within the rated

25  average power. The operational considerations lead to an engineering tradeoff

between the energy of a given pulse, the number of pulses, and the repetition rate.

In one alternative arrangement, shown in Figure 2b (not to scale),
a portion of pulse train 214 may be controllably selected with a suitable modulator
arrangement 1081 (similar or identical to 108 of Figure 1a) for processing of links

30 during relative motion between substrate 110 and the laser beam (“on the fly”),

13-



amplifier 212. If 214 represents a 100 MHZ pul se

train, the spacing between the consecutive out put
wQoiose3sef a pair will be 10 nanoseconds. Thr oRgiTp82004/032661

and repetition rate are generally related. Preferably

the anplifier output repetition rate will be

s uf th‘WQé’ﬁt ptl@l oy @mphfslcatr@pu 212 ¢frfke pubseassi ey an gnergy davel for link

Sce% n(ﬂ) CERAR "t‘ﬁlvﬁ@ lvgx} b i?rér}“tBI%IQ‘?Q}ECO o rg?l_atlon may

eX| sys em posT’ti on an
Pr eflﬁladeﬂyo ntdneh 4 hﬁf[:ﬁﬁtlelx earp Ioﬁﬂ@sepampﬁfla’fZl]ZO&{hlﬂﬁmay be orders of

th fi b d
t r <BGY0E BHOPLE FonsREUm it A ecre 1w Jhat 19K Coagple. if R is the
fhe ﬂeF&hl(ﬁ‘ﬂqté GSfischear 1< ineh 'I'@h vﬂﬁdﬂé'tﬂé Rarpetm&l FERY abfe output

used to block the | aser energ y romlinks which are
not afdheeqsiulasersid. whenkexgrs 8, th qaylserisleelectadodf 2 represents a 50

spe 21}4%% pRISSRARS the el ¢ ﬁi@ﬂtbéd@é{j Gdifbe 89%HOMen n=1000. Inat

wav eleasn gnchembodlﬂnents &m@ulsa:tteam 2petitiom rﬁa\ma}aiml chv1(1cd by a non-integer

corrptlb wayv thran .of anplifier
o SRR ash 12 iy SR e it 7 hwopizg the selected
1(1051pdl§i=:¥ With UBE 0§\1|t1@ﬂ6bf0ﬂhellkaQHQ*eBﬁ\tdoﬁiﬁJeﬁ\éahhg for motion system
sub-system 108 for controlling the tinal

t enp6iiaHoRD aBICh@n oparasing Iwé}egaﬁrﬁogv@d bbagomwl%b% igedther or both
depefidi 1631 RRY | dsea OR ?)bﬁﬂoﬁ bhd/BF k/éloé’liy ﬂlgormatlon

particul ar ’appl i ¢ati on. erring to Figure
anot her alternative arrangerrent for conbi ni ng Iaser

pul ses or genelrnaé{t lg;‘gt 8? agggg&lg]%{l.héf &@3&8}{& V‘P’g ?on g plurality of

pul ses using nul sers w
IS sdiesaty. pﬁ\lsw ﬁlayleieesrdlﬂcmald Bl wyy 0€ egamplep otitplt bGBV\E@mof laser

rig determne the ti rval
140 AT S e (e it Gpnsgptve AmpHABS Bt ssated from pulse
out mam Ry, REPhPRirSereh Pidys@sn f seddttiOAY iapplied to link 107, while
amplifier. For exanple, twd or nore pulses (or groups

of puPEdge aniedaeed duut tigpefiingy rate rgad1 lyw ayRkage nput power for
arr %@ﬁ{fﬁ?bﬁaxf by fé@?élfﬁ@ aplfo‘é‘zfﬂdgxg é]ﬁlaaetr&ﬂnh{ x pfagiﬁlg tglaﬁween the

t enpora pulse spaci anosecobn
pul sc@npm:utlye 00Gut pbBes WHZ pdif ealli bee 10 alaeo.‘m:corfdsur Jhroughput and
scl osed

2 RSB B R isy safp e My PP i Bt epetition rare

by rweillebenereicRer @ proviid @RI Gle frdcossinperadasimdngsulef on demand”
the present | nvent ton, the |aser_ system may include a
pr og‘iaﬁ‘?ﬁ“\létbﬂ whye Bmlltg}g th%p(gpp exity of syStem position and/or velocity control.

Preferably, the three exemplary pairs at 103,106 at the amplifier output may be
applied to as many as three consecutive links during relative motion 113 of the link
25  and laser beam. External modulator 108 may be used to block the laser energy from

links which are not to be processed.

Likewise, dependent upon the spectral response of the amplifier 212,

optional wavelength shifter 1051 may be used to match the wavelength of the seed

laser 211 to a favorable (or compatible) wavelength range of amplifier 212.

30 Modulator sub-system 1081 and the wavelength shifter 1051 may be used alone or

in combination with sub-system 108 for controlling the final pulse temporal spacing
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line 301 for controlling the pul se tenporal spacing
t2-tl, lasers 302, a polarizing cube 303 for beam

w@ ooobiossong, and optional anplifier 304 to rai SECT/H82004/032661
energy level as required. By way of exanple, specific
reference is made to paragraphs 120-122, 194-197, and
t he ananesgiofieveb@s appropaiaé tdeparding atpan| specific| design criteria of a
mavel sub-system 101 will generallybe in a
ran 3'ﬂgﬁ bg%tagRTso mcrons to .3-1.55 mcrons, the
| atter range corresponding to diode |aser mavelengths

d in high d, tel ti
;J ﬁ: | Iager' gﬂvﬁegfgrgpﬁeppg gyéeﬁ, gg‘;}eg@h%ﬁqrﬂz‘nt}v&darrrgngement for

(e. g:ombtlﬂlhgllﬁéé} pﬁfse&ﬂ%@n&@ﬂlﬁg Q@eéj\dlénhe icidsery sHaGed puldes using
near IR, vrIsible, wavel engt h Laser Paraneters

and mmlﬁklenems/mth\ﬁetawechtrtggénag aF sl@@m cAgrergetermmeddelan (e.g., ¢
and fi ,

o0 TR e SME AL AR s A Spptication of s
r emplaragtyaof pulkes1OVhendniivndd dlaputgmag peaviideeseet Ipalses for an optical

substr 1 or a t k t

ot arbgitier s Fr Skl p G grapoftidiich der SRR PL PR AR the used to

t ar geveransk i1D3. fTE@'arraﬂé%n%Dtnlfo b®lséd e pednde fine control of the
1@09 tioning accuracy %’rh the | aser beam wai st

ositemperal gulse is%utgo(etgne OrmanpsecoRdseior @i Rsehadind 00 - 500 MHZ

du”eﬁ*ﬁcﬁ%‘f&’té’&{ et rXte”})t' on and Z-axis notion of the

at |l east one el enent for exanple); and (c) the

heat affected zone (HAZ) Refer to Figure 5a with |ink

pitch521inte.n 0 ] n .he. th ti.cal

i ni mum pi t ch oIC{ gc V\gs%t‘l h{en f%orgrru a%nqwﬁl‘;])pfl&%o : ?Rﬁl?cah&? Number

Bearp0Ba@il63581 (Ps8i) | incorpox@tedrbyaefetenide ﬁeﬂenniﬁd\asgigﬂied(td)he assignee

vvher? the thermal .effect by the |aser g

conf s RIGSHE HVERSigs: dbe ].@6‘? SYYERINY, inlyde E;Bfogl’ﬁ%}ﬂ%‘ﬁ‘?lééhg“al delay
13vbdaineMb3 QONB(BHH dlll%ﬂl@lfﬁﬂ@t%?&al W&Hg&gltl' r @QSCHSBGZD @lpolal izing

assi gnee of present 1 nventjon, provi des a ty

spotcube 3@3 é(fr tafamtﬁombemngcar@r@tmaﬂo&r@mgm B8Hh iChgalS@rth@ gnergy level
Sbof Y, B 2aflh e, I o @haahe Rss Wydiichs 120.12

af f dOel®7z amatlwfclabmmf '585fot additibpalaietils The nodel M430
systemis capable of processing |inks with m ninmm
pitches of about 2 microns (assumng a link w dth of

about 0.5 m cr®mSgr wavelength within sub-system 101 will generally be in a range

20  of about 0.150 microns to 1.3-1.55 microns, the latter range corresponding to diode
laser wavelengths used in high speed telecommunications. In one example, the laser
wavelength may be frequency multiplied (e.g., tripled) or Raman shifted with shifter
105 to a near IR, visible, or UV wavelength.

L] Laser Parameters and Link Removal

25 With a trend of decreasing link pitch and dimensions (i.e., fine pitch
links), at least three parameters need to be jointly considered for removing a
link 107 without damaging either the substrate 110 or adjacent links (not shown)

which may not require processing: (a) the laser beam size on the target and its focal
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However, as the pitch approaches the dinension that is

conparable to the thermal diffusion | ength, thernal
wetdosossni thin the region of link 107 may havECT/US2004/032661

i ncreasing significance. The fornula then becones:

M ni mum Pitch = Beam Radius + Positioning Error + 0.5

Li nidepihd () the bgam posjtioning ascHaZy (e-2atheAhsee bease| WAKShRgsition relative

522 s, a. S hernal effect..- {he .. . .
heat™ jil?ef %@ ghdt%%%n e‘}‘ﬁ!rﬁ%‘g i §“‘J§J‘iﬁu%?“e‘iﬂ?@d ’;{e{rﬁroﬁl%% %n%%'a((ﬁ motion
t) ,ofwlxedtdedst bse élaentell4 diok Exahsle); ane {d) itied leat affievted 2vme (HAZ).

| aser pulse width. The actual value for the depth to
which nmaterial is nolten or vaporized depends al so on

the actual eneggy ﬁ‘)nﬁigﬁﬁv‘@arwﬁﬁ‘i‘iﬁktﬂtcﬁ’ﬁﬂ ti‘ﬁftﬂeal’faﬂ% of 3-5 microns,
-16- The HAZ nmay exten befyond t he 'focused spot 523 and

adv ehe dleyresicalominipam pitthriallows dgdordilacent to the

spot. In some cases, the peripheral area affected may

be several tinmes greater than the spot itself. The

rel ati ve MarigemHizh geBenaRidpusraPesitiblig Easet (of bk s¥idth (1)
| ess controllable and | ess precise. In the case of

link blow ng, relatively large HAZ size may al so be

one yeré iR thefhdl iepBet HCHe 14sef Pedn® doRP@Ercdingkligidfe. t he
process w ndow (nei ghboring |inks damage). A

diffraction limted spot and a short | aser wavel ength

(e.g., 0.355 Q@@f&ﬁﬁm&%%i Ginfo -&ewcﬁio!mm%mems@ Repair

degree, provi the 'spot is properly positione _ '
r el diyistem, ganuifestured by tidogssigaes of thetphiesepomiventomi, pgovides a typical

ol erance 52 f, the syste i.hcl.udi ng. t o Y .
1ot B Uit efiuftd Aitadls SETpo R R Si2Baf j Mo Fmicrons. The
st r itpgiesltpulouidele serbouf 9410 magbsesqriedntli cergspondsseiatghr affected
a spot size of ﬁ)out.‘o. 58 mi crons nmay be needed to

del 298¢ Of AROUEL 831 -4BIHONSo a . 38 micron wide Iink.
Assum ng a wavel ength of 0.355 mcrons, and a 10

nanosecond (nsg pul se width, the estimated HAZ is =
about 1.3 ni criBiegnodel M0 ystemn jsrcapabileef prpeassing figks with minimum

D SRR LS g O E5RRU P oty POE 2o
desirabl e. Reducing the pulse width also generally

educes the ... Howeve en thermal effect becones
Wery smal | confaYBa Y BeRNTETRSORAE PSS ERHoRIRGR comparable
to the thermal diffusion length, thermal effects within the region of link 107 may

have increasing significance. The formula then becomes:

Minimum Pitch = Beam Radius + Positioning Error + 0.5 Link Width + HAZ
)

20 where HAZ (Heat Affected Zone) 522 is a measure of the thermal effect. The
heat-affected zone (HAZ) is generally determined by (D * t)°°, where D is thermal
diffusion coefficient and the laser pulse width. The actual value for the depth to
which material is molten or vaporized depends also on the actual energy and power

density on the target.
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further reducing the thermal effect before inproving

ot her significant contributors (e.g., beamsize and
WEo®SH389M ng) may becone unnecessary. The reduPCT/082004032661

thermal effect fromthe nanosecond range to the

pi cosecond ra ’Elp@rray be sufficient to process the

finer pitch |ihisHAZ mayaxtanddigyend e togused spobd?3 @adwadversely
to f cpﬁarﬁﬁ[;égal;%rg?sg%%%eﬁ{ kdMHRALR . urlges%h{ea&lsgs ttP(?!i)gm’)heral area

effects processes to re
sev edffectekdmay, Be sdveesl ﬁmeetgcea)erfthmethplspchtslelfn k"Ehe ﬂetative large HAZ

or AL B (1o R B EFOReR) 1" (R Pl Pk e I the case of

&f f egdieslowane rélﬁﬁﬁely $argé‘ Pﬂ@@ifzé AdyYaldEBS o @the limiting factors to
cunul ative tol erance o l'ink pitch and a relative

posi he gapastlimis of thegupcess tprdow (eighboring dinkhdarageyet

structure. For instance, a heat affected zone (HAZ)
di aneter of about 0.3 microns to about 1 mcron wll
gener al | y pr ovA diéfffaotion tmﬁte&epbtramdca@tnsrtdgseoﬁvalvélnkgth (e.g., 0.355

pi tch, of mcr Pref er

o amictons s ThdReithe, phibtem 1 Foe Atk SrViae e pof  property
out padsitioned helegve ioTaRsli Hdweer, if the s1tlbfmng Qolerance 524 of the
mcrons in each direction, and genera i's considered

1Qegl Sygiem @cludingthepyy ¥ng Mptionss sm} i {rfg of BUSTARSER Somewhat
by rs%flﬁgeﬁp 9&%&%{1 forchi ?H%P@édeﬁnl@ngrécgfilr{g?t hQpad &8 BF about 0.58

the use o hort, se ti
Spechicr el my b;eoneedAd tbmélvatsthe losdr. b@m @ me.389micron wide link.

eI abggsﬁ}‘n? (ﬁﬁ) Q/a‘{lglg{lgtil 0?%2%.@%{1 o ?'gﬁcg alrli)friaﬁ%écx}l& }d/n ;ﬁglge width,

rove c e irradi
on ahﬂeitﬂhatédaHg‘ﬂ issibouct.Bmeicfonsg.As sathind pntam)icail $imit for processing

r t han about 9 Wc the reflec ty of the o
1] Ut SE R RO 0 L 6 O BUHE | st fleriehBuse widt is
energyerafly idegiiyed. Thermal diffusivity (related to
HAZ) generally vari es as the square root of pul se
width. A short laser pulse generally reduces or

prevents heat #‘9 t
nmelting link alﬂé \3.111851‘15 t ‘glcc)l% ucté&éﬁl‘lg%@l g‘T%I yé(v{{cj)xlztehI(LeIOWCVCI
mat ewlneall thametl c@fa@w@ccbmea ey kinalk comparletheo bé¢amk sipé amchposition error,
beco nel .4 Lon W th napnosecond .
pur SRt ind e GBI Rt e AP GE R gy spnoibutors
”(Dr eC(Ie% Olbeafm)rsxilel m:.kd Ipemmﬂl:ng) ,ﬁmyiC bdcagier _ﬁﬁllﬁdedsﬁrygi’gwr feduction in
rel atlve arge volu 0 teria e ..
heattgﬁ%a Togé i EheHAOTFRYR ToAE® oA DAPSTGRELFA82% FRY fgpuificient
el tioexRubs! fe ﬂﬁérVﬁﬁc]Pylldl@PO’Further reduce the pulse width down to
femtosecond range to eliminate undesirable thermal effects may be avoided for

processes to remove (i.e., sever, “blow,” ablate, etc.) fine pitch links.

25 In accordance with the present invention, a limited thermal interaction
generally occurs within a heat affected zone that is substantially less than cumulative
tolerance of a link pitch and a relative position of the laser output relative to the
target structure. For instance, a heat affected zone (HAZ) diameter of about 0.3
microns to about 1 micron will generally provide for improved processing of link

30  pitch of 2 microns or less. Preferably, a HAZ will be less than the positioning
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pressure and the recoil of l|laser radiation pressure.

At a fine scale the shape and vol une of renoved
worisssb4 may be irregul ar and include a non- aBCEpSID/€32661
| arge statistical variation. Wth picosecond hi gh peak

ower pul ses the interaction may becone non-linear,

Pni tiPlerange of e [a3pnPHARHB tisnHuaansions wher,dessiiean 0.1 microns in each
' of | ffdelivh {ahd! enti@lly S8 Corihiced fibielng! the high free
netals, w ec

el ectron density in eased statistical
variation. Wth such short pulses the |aser energy is -

general ly confi.ned,t.o a,thi and vapori.zati on )

general | y occu?gée'_rg?}fﬂal %}’FO- I\g%éﬁ%@{’ gm?tegel?yelrgﬁ%rvce herein,

bec atatravey 6n tieastiicialefod titaiselolaihsil] fst Mettiné FEIYE ePpecifically,
ence to initiate ablation. Material renoval

aser f . [ .

i t HFOpi ch%cﬁoﬁm“ﬁuﬁsbge AR labgrateseon theaffeals dearepsing reflectivity to
heatjfof ; [N Walp' ter .
1O S T A OS0GRS T ABUAL g s
at t(h@. phlums@uoni geatkce thahgboind@aMdempy thh reflectivity of the target

pre f rlyi ielectri.c |ayer 1091 and
el PR Y Do fhe okt s Wil B Rl erm
abl aliffesivign@telatedrioti AEY pari4lBl vadics @s she fgaamviabt 6f pilftewidth. A
14 ar St lli nk s[tructy[e [ eneral |l y assj.sted bh heat
oo 5P SEPeRRLIE Fesiecaat REe YeBiitiRt disPining 0 e substrate below
e echd @Bltiak [inkendWlss e Ghbudig 1ReNer %ﬁlﬁhﬁﬁérifﬂ' &ﬁtigb{ous to the
way of exanple, Figure 5c¢c shows variation in fluenc

t hr ddKol d for two exenplary dielectric materials

(e.g., see U S. Patent No. 5,656,186 and the

publication Du et al., "Laser-Induced Breakdown by

| rpact | oni zatAsahe link itch bécomep fihersthevingit] iegefacdon With fanosecond

to " APPLI ED S. Lett., .64 (23),..6 June

10005 e pE ety e, (S fing i optr T hisiph B removal. As
1% hr éhisahctdiia Figners, layrenietly|1omervolihe BBhRtedial ad-be heated and

ten ti n&s ’g‘i] _m)reg as a result of the higher free,

el eEHh gh Pl gemoak Recust datougtinglbenpulging driven by vapor
thr ?ﬁé%élh@ anf the RQ3i1\ANARS ralidtdnFrEQUEA! Atflsé;fillﬁé;&ale the shape and

statistical variation (shown by ‘error bar
gend&phimeyofrigmayed glajeriphaay . bel inreghler iahd incfudet @ dorescoeplable large

(pr Qvi: it th i %g 0.t ubl i gat.i on) ..
o UL WAy LS S 0 PR ton e
20appbecomraned-jinenshitially (dth avdlarehe dosidation where' thd &@flectivity is
pat ent ). . Above the_breakdo Int, an.approxi mate,
S quiribeat 7 3 Erl Bo e BECHCe Be-ihs BBNFRE Baelanyigh decreased
Wi t bafisticaPvamiation. iWitRREGT @idk pulsds tthe 1ak@ dnér @l iseRferally confined
nanosecqond scal e. o
to a thin layer and vaporization generally occurs rapidly. Material removal
generally becomes more precise and deterministic, with reduced laser fluence to
25 initiate ablation. Material removal with picosecond pulses may further include
removal of heat from the laser processing region by material ejection (solid and
vapor). The link removal process at the picosecond scale, for instance with the
presence of an overlying dielectric layer 1091 and inner layer 1092, may be a
mixture of removal with ablation and thermo-mechanical stress. Removal of the
30 target link structure is generally assisted by heat removal from a link processing

region by material ejection at the pulse width and power density.
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A characteristic pulse wdth of the break down poi nt

of nmetals, may typically be about 10 ps (e.g., see
wa@®@s/08vent No. 5,656,186). In accordance w tPCT/H82004/032661

present invention, the typical |aser pulse width is

| ess than 1 nanosecond, and nost preferably nuch

cl oser to the Bhwagpof exmplﬁcF;guteséc shmsrwao@twmel fluence threshold

bre oint s trl ntal t

ar eaﬁéﬁ*/ﬁ‘ EP plary i élo edecr%ﬁ{; RETS IS rﬁ ?eﬁ\}z‘ét ﬁntpr 0 %3:5263186 and the
r eduysidticAtda et £1 A asdirilodiced Brdaktlbwi by hhp&wvtﬁﬁzaubh&n SiO, with
l'i nk renoval process %pcéh,gAgresent i nventi

gendiuaiel Widds f1om Fap tg} HHED PHY &1 A€t » é} Weluge 1994, pp.
§he 4pg 9507@”1‘1:'@136\9%1 kftSyiTBhe fludhcel drddRHIAiY géhetril?}f Hiﬁbh lower for
(though greatly reduced) process since the laser pulse

wi dtmetals (Iecgqgmn tiines of mearebhs & hesudr ebiigovighgrolrer cleglien density.
preferabl th

o0 e B PRGab B ol BE RESHRAR P, B b Pl TRAbriar buc he
rerrtsvaisumlo\me&aon loem bjn&moa lﬁlrs’.}Ws genbuang rplatleei$$mall. In the

o NP e TSt Blgisn st i D) o1 varics

@Et 34851/(pﬁls@ﬁfﬁitﬁﬁ@h@%&aﬁmﬁ‘éﬂﬁa@ﬁ'a@b Pl%xﬁﬁ&t@l 'c@hstant (as illustrated in
dependent, the |ower end of the pulse wd

t herthe OF&$ patend . debowe il r@@l&@m\memmt Al ﬁpmoﬁﬂmtbétﬂ‘@ée root relation
ref
o COBISE BRSSO IR o fNGEROGRIo, BRlagey o e

'S gmmeseabh«ysdams t han about 1 nanosecond (ns) and
will generally determ ned by the heat affected zone
al l omabl e. Generally a pulse width of the present

i nvention w | |Acﬂzﬁ“ad:t6r1§thﬁ)lﬂ§m\9ﬁltlf 600 @m‘kelot)vln oint of metals, may
breakdown point to Igeg,s t han

5o pieND Pafrgus bOBS G Eanvub- S Ao Nse s Pb! Sk stgedrdance with

40- 140 gf&entﬁn@ﬁbnpfh‘éfﬁﬁlfzﬁqa&? |pﬁ%e \’Mfﬂﬁﬁs &s ithant NBanosecond, and
range 506 of about s to about ps, or about 10

ps troogpeaferably much C1Q$ér togbe ﬁhagwcr@n@ pwlse shdth 06 thgdweakdown pomt
pi coge y r r

2 SR PR FEFLPRER e SLERUSE, T S0d R rvnion
f enteduendedase rBAZAarsl guatlﬁtloahwhrlatucﬁi)er Hnmvets the link removal

Ierrentalono ul se co ression for fentoseco Y

@ en é}l‘g?ﬁis&ﬁ) 6]?6 P]lieéfﬂp %WUBB ge%?lgy hq{ﬂﬁgp{ﬂjzgss ?He Interaction
r ef edeiiéeRshd Méck Peke BAPIAL hdkRiaPRR thalhl aaEériniD (th&lg}hofteatly reduced)
f ent osecond- pi cosecond pul se range. For exanple

Chi dHResss since thepdaser pulse grigeh 1s longer than that of the br eakdown point, and

preferably close to the breakdown point.

The present invention will generally provide an efficient link removal

[ R
hn

process rather than a slow etching process defined by the optical absorption depth,
which is only on the order of a few nanometers per pulse for most of metals. Since
the breakdown point is material dependent, the lower end of the pulse width is
therefore also material dependent. A minimum pulse preferred pulse width may be
in the range of a few picoseconds (ps) to about 10 ps. A maximum pulse width is
30  generally less than about 1 nanosecond (ns) and will generally determined by the

heat affected zone allowable. Generally a pulse width of the present invention will
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Pi cosecond, and Nanosecond Laser Ablation of Solids,"
APPLI ED PHYSI CS, A 63, 109-115, 196 provides
wo b@ssgopcal background and experimental resul PET/US2004/032661
Fent osecond pul ses were found to have thernmal
conduction into a target that can be neglected to a
goodndigprange e ahye dhrcbrenkdopmopadststorlesgdhatielinasAgulse width may
dir I gl
or et HERRE® 3050k @il 16108 o ot 3R Rlpte BN p2A Host preferred
| ogguldehwrideh diejperhdempe 506 dfasteut pOIps ao faboetrileps, Wirtdbout 10 ps to
pi cd%eco ul ses, ablation is acconpanied with heat
concbeBS FhPEnd formation of a melted zone within the
target, for instance a netal. Wen heat conduction
into the target is negl ected whi ch may be a rather
Zrude assurrpt i Bie) laSQm@ﬁthﬁeWh@gaHdeﬂ picerspenidpwees e typically
the ?ng) rgefétllgblgnm{d léﬁﬂ e én%i o?‘Q &?p%ﬁ@&k% as compared to
possi pl cos€econd Ses , processing
in tfemtoseamd Mensd A aggﬁcahmdlffmme gsamqﬂahd:ryatroagﬂ rpdkscl carmpression
nﬁ%ll cated as..a result of thernmal wave
propfag PIgSPCaRe SF s i Qg PN RIYE AULRr of el t ed
material. Jandeleit et al., "Picosecond Laser Ablation
of Thin Copper Filns," APPLI ED PHYSI CSA, 63, 17-121,
1996, di scl osdumemys t ieferences| firthss elapesaferei dnteraction in  the
n oRr
useiﬁhfbs?é&n@iuéﬁ?&%n&jpﬁlgé x%ﬂé F&f%xrdsn@e RPRGfchkbd ﬁi’%ﬁ Eemtosecond

I ca usi ng pfcosec nd pu Althoug
i nt Risoseyorpi, and danostcpnd bager Wdldtiog qf Hodids i ARPREED PHYSICS A 63,

gre tha e_charac

br egllpgb ’pg énﬁ{] %rgﬁglesal ﬁthyg/&feng b@%gzg%ﬂuarng %R%(%rlﬂgental results.
rel &Fdnﬂﬁ&i&bm piilbss weeel éamd thhate thirfhed t@diuzmamjtakmﬂrat can be
heat d provi de rapid heating _ and renoval

et RERE AR B0 IBPRATR e AL B B A & GIfke transition

15 20- fBHh%Sﬁd toA\Oaﬁo‘i‘t RASIkihY iPpreaie leiseﬁ@roclz@snﬂ% C1Be @M8fion depth has
about a 3.1 urn dianeter spot renoved he aver age)

abomlogauthmlwﬁafenm@pn éﬂserp@rlsc"eﬂwcqo pigpseeongd pualses ablation
t t
Wi t ﬁL ?‘E‘%rﬂ% edlw ? ‘aﬂétlor{%@ﬂféhﬁ?ﬁn ‘3;“ Clggbeglrez%gﬁil: within the

sorp Ion
. 053argecr mmsnstamhe caametal t Wdhemhfait comdlutuon intn theterget! isyneglected,

deter'esteab ation dept h Se- pul.se

Car (Cahcliiied, BF n 30 drpie SR Rtiondt e b BeBHitfie cengpence of te
2@ e. tblatidnleptidieViaencet RealsBZzenally epssibye lwitts Iimiolseo@ﬁd pulses.

col |l ateral damage mninmal. Hence, the benefit of

pul sléowvd:f,rprpq;qgﬁp&gb@p n@@psg@ngsra%mstb@en generally regarded as much

more complicated as a result of thermal wave propagation and formation of a large

layer of melted material.

Jandeleit et al., “Picosecond Laser Ablation of Thin Copper Films,”

25 APPLIED PHYSICS A, 63, 117-121, 1996, disclosed results of ablation experiments
wherein holes were drilled in thin copper films on fused silica using picosecond
pulses. Although high intensity picosecond pulses having pulse widths greater than

the characteristic pulse width of the breakdown point generally follow the square

root relationship, the reduced heat affected zone and lower heat load provide rapid

30  heating and removal of target material when compared to nanosecond and longer
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bel ow t he breakdown point (typically |less than 10 ps)
is generally not so significant as conpared to

whewsHsg9s4 provi ded by the beam spot size reducP¢DOSENH032661
positioning error inprovenent for the overall system
capability. In addition, the cost of fentosecond | aser
sourmpisssi At iptdnsiy lof ahousH OfprQd! YVHam t)mr abost a 3f1 um diameter spot
pi co r st par |cuI f.i ber
D SAEPBD (UL AR TP dc e bACEE 4% s pute o
i ncl wigletengenmon BJOS@fmJaldnaf g}!imlﬁrrstiﬁb@ It rebyIRy wah lthe known optical

gg: Zalfbp(taglgglz fgcle | mof %)gggt! z{;grqgé ,i@iléﬁtuat{j‘ggtnc%%guct%n generally

§Ub5tfe’iéi‘hﬁne§]t93 a@l@ﬁbﬁ‘ geﬁ’chsg'l'h'é1 pule- l%d“@ VH{atifA th BRUh&dtial removed
properties. such, sone nul'ti-material i1nteraction

mec hraay bmlgmﬁcm (€ @redhht Ehavsiver, denidaZetas gelatively small and
rrat e r teraction with a honbgeneous

" bul IQt!er ggﬁggghﬁﬁdagast one dinension (e.g., link

wi dt h) |s typically on the order of a wavel ength of

visible or W i ner. |ink

t echnol ogy th ! ht Qﬂ?@%’%’gﬁbm?%‘kﬂ‘%’gm gﬂmo‘ﬁ’quﬁgogﬁd?s down to

energdyov hﬁtbr@ék‘alo%%m’tﬂ@y@idally n&s kﬂa‘ﬂ‘qocﬁs?"ﬁ"%héi P BSAS significant
careful consideration by a designer rocessi ng

1@ quiasreepparadrfo fenefits provadrd Bhe dieamripst sire rqdasidon and pOSItlomng
W.aveélﬁ{ﬂg.hfb F§en|1é?ﬁsfo{ h‘lﬁﬂo%l‘illrgyg{e F eéaﬂgggxafﬁpﬁﬁltl& gtﬁg cost of

m crons or |ess eve Sl ze on
[in I{emrosc@mdd&ster soureest in ttphelly evuchedoreuhaetheicdstiof piosecend laser

e SavEP chEnIat Sl PSR ol BREIHSERR oo

beneficial to the reduction of the smallest spot si ze

achi evabl e. | dd|t| on, depth of focus w ||
general |y be |'2P§&roqesting H@ﬁglﬁﬁée@‘b\@tl of jatarggt stguptyye, typically a

1§h0r1ﬁ&51 @Y &l NOERSLnER E%Ql‘l@%lﬁrroﬁrﬁl%d By lRdriAldNe.g., passivation
| aser, the diffraction Ilmte spot sizé is

appriasarsri@l, Y02, sebstrata b Aaving disyimikes dherynal and optiseliproperties.
933%51% Cb%&r{n nfn}%é\;[blﬁ; irtla Eﬁ<§rﬁﬁfeggiﬁls'rﬁs%%ﬁ %gﬁé\j&/pat complex

size =
V\hemohiparedaa ehamgaltm oeessmgi mlendcmcm ®1tB arhooogasgous fibulk" material.

I AT R P B A v

201 croPRssibleSenenaligit,. A196, With éingt lﬁlﬂd'lplthQ@lﬁl%lde tBatSP&herging, the
Si ze of. | ess than about 1.5 microns. is preferred, and

nostirastien of & 5pof erergy shatgncloseds withip e inkebimegrian needs careful
e”b(%grlﬂ&éﬂm@ﬂ e @siePlof! MMEHrdQBsing RPN I T PR least one

prof i
embodiments the laser wavelength is less than one micron, for example, 0.90

microns or less, to achieve a smaller spot size on the link in connection with the

25  reduced pulse width.

Since the smallest spot size is generally proportional to the
wavelength, any reduction in wavelength will be beneficial to the reduction of the
smallest spot size achievable. In addition, the depth of focus will generally be larger
for the same spot size at such shorter wavelengths. For example, for a 1064 nm

30 laser, the diffraction limited spot size is approximately (i.e., substantially, nearly,
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(e.g., an elliptical spot produced with an ananor phic
optical sub-systenm) may be used (see, U S. Patent
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Link 107 may be substantially reflective at the laser wavelength. In

25 accordance with the present invention, the laser output wavelength will generally be
below the absorption edge of the substrate and hence correspond to an absorbing
and/or reflecting wavelength region. The laser wavelength is typically above the
absorption edge of the dielectric layers 1091,1092 which, in one example, may be
inorganic, and will generally correspond to a substantially maximum transmitting

30  region, for typical inorganic passivation layers (e.g., Si;N,, SiO,, etc.) used with

present semiconductor memories.



shifts the near IR absorption edge to shorter
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ef l ectance ar II stant_t ut t
147 o e Rk S S iRonahgus. TpSene sien thay SUBROEERplON varies by
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generally show that the transm ssion decreases

sonehh aengstofwowa\ﬂ& BigoRssto ghout eShpcens.i nlhgalgpeodinar may be

LAS
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i ncr(ﬁasaﬁciliketmﬁpdrh{esr angetallike tprepaptiedat eéenUWednge. For Silicon
bsor ption edge of the

bel an
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transmission curves for typical large bandgap dielectric materials generally show
25  that the transmission decreases somewhat at UV wavelengths. For example, in
HANDBOOK OF LASER SCIENCE AND TECHNOLOGY, the transmission range of Silicon
Dioxide is specified as wavelengths greater than .18 um. The absorption coefficient
of both Silicon Nitride and Silicon Dioxide remains relatively low in the visible

range (> 400 nm) and gradually increases in the UV range.

30 If the predetermined wavelength is below an absorption edge of the

substrate, the pulse energy density at the substrate may reduced and the process
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1 mcro
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ulse.is used to e .th k th i caosec
1§ oS 8 R G Res A1y o0 /S a2 TRBo0e it gher with a
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Si ng%fq)@),ll qmg(pﬁaﬁ@ ng wll be inplenented with an

osci 'l ator er configuration, for instance the
seeder/ anpl i f| er configuration as shovvn in Figure 2a.

ol Ses may  be. bkt g RRGESE Rl KRG oy B bbbl remove the
2(pi cagge oifd siggepulsy Btused r@uiotte g ladk the pidosétofilsllapdrasystem is to
Jr g;'l ggeegf:raély g?g\ggg lélllfaelquj)f) eapﬂgtef gurlusé?o J%tules pre? ggltsle tatl z? TO KHz - 120
KHz repetition rate. An exemplary range is less than about 1 microjoule to a
maximum of 2 microjoules. Preferably single pulse processing will be implemented

with an oscillator/amplifier configuration, for instance the seeder/amplifier

25  configuration as shown in Figure 2a.

In one embodiment of the present invention, multiple pulses may be
used to remove the link with a picosecond laser system providing at least 0.001
micro joules (1 nanojoule (nj)) per pulse at a repetition rate of at least 1 MHZ. The
pulses applied to the link may be treated as a single pulse for link removal during

30  relative motion in three-dimensions between the link and laser beam (e.g., 5-50
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pul ses applied to the Iink my be treated as a single
pul se for link renoval during relative notion in
w0 boosm3sevsrensi ons between the |link and | aser bPEIUS2004/032661
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property. Based on the results, the second pulse will generally also clear debris at

cut site (i.e., link removal) resulting in an "open circuit".

25 If, for example, a 60 MHZ mode locked system (e.g., picosecond
pulses) is used, the spacing between consecutive pulses of the output pulse train may
closely match the pre-determined spacing. If a larger temporal spacing is desired,
a high speed modulator arrangement may be used to select any sequence of pulses
or group of pulses, for example. A higher repetition rate may be used to decrease

30 the pulse temporal spacing, or a second laser may be provided as shown in Figure 3.
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which can reduce the process energy window.

25 Hence, though a series of picosecond pulses may be equivalent to a
multiple nanosecond pulse for the purpose of "on-the-fly" removal, the overall
interaction of the laser with the material and processing results may be significantly
different when a plurality of pulses each with a temporal spacing of at least several
nanoseconds between pulses is used. U.S. Patent No. 6,552,301 discloses the use

30  of a burst of ultrafast laser pulses, each of the pulses having a pulse width less than

about 10 ps, and having a time separation between individual pulses to exploit the
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def eome dtDWik)ﬁbelcmucﬁ uch as P@lli metie fliskackics may guprayiscontrolled removal

process def r non |inear absorption in
one Imar%rlxaé Pgﬁ‘%ﬁ%&?%g}rs Further, optical
properties of some | ow k di eI ectrics such as pol yneric

dielectri Cs u t. con I Led renoval of materi al
by non-1 i nea Eﬁ%gf"?olria ser 8d’§be(‘? nd Laser

Enbodi nent s SoI id state |aser wavel engths may be 1.3,
1.18, 1.09, 1.064, 1.053, or 1.047, mcrons wt
20Neodym um ( Nd)Sodidysenic lset wavslengths mayehes! ?NHWAGW 1.064, 1.053,

or 1.047, microns with Neodymium (Nd) doped solid state lasers (Nd:YAG,
Nd:YLF, Nd:YVO4) or with other rare earth elements (e.g., ytterbium (Yb),
neodymium (Nd), erbium (Er) ) doped fiber lasers. Preferred laser wavelengths
may also be the second, third, fourth, and fifth harmonics of these and other
25 appropriate lasers to achieve small spot sizes and larger focal depths to meet the
design criteria of a particular application. For example, laser sources with laser
wavelengths in the UV (e.g., 355 nm from the third harmonic, 266 nm from the
fourth harmonic, and 212 nm from the fifth harmonic), in the visible (e.g., 532 nm
from the second harmonic), near IR wavelengths (e.g., 700- 900 nm), which provide

30  a spot size improvement relative to conventional wavelengths, may also be used.
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20 External modulator sub-system 10§ may be used to control the number of pulses on
each link and the temporal spacing between the pulses. A mode-locked oscillator
will generally operate at very high repetition rates (>1 MHZ) compared to
conventional q-switched lasers. The laser system include may also include the
modulator sub-system 1081 of Figure 2b with control signals 202 (e.g., in a typical

25  range of 20-150 KHz) to control the number of pulses on each target while
processing links during motion of the link relative to the laser beam. In any case,
the seed laser (e.g., which, if suitable, may be a packaged, commercially available
laser source) may include an internal pre-amplifier to amplify the pulse energy to

a suitable range for power amplification with power amplifier 603.
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references disclose several waveguide amplifier embodiments. The waveguide

designs, though not as readily available as fiber amplifier technology, provide high

peak power outputs, and good beam quality, without undesirable Raman shifting of

the seed wavelength. Also, planar waveguide amplifiers may be well suited for

25  femtosecond pulse amplifiers.

Referring to Figure 6b, a block diagram illustrating additional details
of an alternative laser sub-system wherein the seed laser of Figure 2 is a picosecond
laser diode 611 for producing picosecond pulses is shown. The diode seed laser

may be directly modulated.



anplification. U S. Patent Publications 2003/0161375,

2003/ 0160034, and 2003/0021324, assigned to the
wa@sasgssses of the present invention, and the asBODUS1004032661

ref erences disclose several wavegui de anplifier
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seeoﬁyﬁta@errehamhkyﬁ EREY F’e@legﬁﬁdﬂil%ﬁme%ymﬁi ﬁ&ll@ta@amﬁ@ ee operation.
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aser pu
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U. S. Patent No. 6,281,471 andWD 98/ 92050 di scl oses

unmerous featyres of nas
2(51 l‘in at least one emgodlment the temporal spacing of a sequence of the

pulses may be controlled by “gain switching” of a seed laser, for example, as taught
in U.S. Patent No. 6,281,471. High speed pulsed laser designs generally utilize g-
switched, gain switched, or mode locked operation, alone or in combination.
“Pulsed pump” (e.g., real time control of pump diode module of Figure 6a) may be
25  used provided output stability is acceptable. U.S. Patent No. 5,812,569 discloses

an exemplary method of stabilizing the output energy of a pulsed solid state laser.

The output of the laser sub-system 101 (and from amplifier 603) may
be wavelength shifted by shifter 105. Wavelength shifters, including harmonic

generation modules, or other wavelength shifters may be used to shift the

-30-



oscillator - power anplifier (MOPA) wherein a diode
seed laser is anplified with a fiber anplifier. In at

wo e@s3sne enbodi nent, the tenporal spacing ofPGr/Uszoo4/032661
sequence of the pul ses may be controlled by "gain
switching" of a seed | aser, for exanple, as taught in
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wavel engt h dependi ng on the process requirenent.
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illustrating various alternative confl gur ati ons whi ch

may be used within |aser sub-system 101 are shown. In

Fi gure 7a, ' ' . i .

bet ween t he s\ggg‘ﬁ% Zg gltrhmr%%'s ?%tgdhg&r%gﬁdf@ gl?ﬂ-aﬁ(%}g\?/ﬁ F'g & pre-amp lifier
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i reragep Bl BREH B Ronl b6 on ST ins "Dl BTN sescolggmnprior o
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Ohi B B i SET 6RT MPEHiRNGY ficE ReR; applifier).

or  GoURrHHIUEE predamplific@ d4'8R6 YibePbRLANY, et c.

Figure 7c illustrates yet a further configuration that includes

modulator 703 disposed prior to power amplification. The modulator (e.g., a

25 down-counter or divider) is generally used when the repetition rates are different
between the power amplifier and seed laser. Usually, the repetition rate from a

mode locked seed laser is relatively high, in the range of MHZ. However, as a

result of rated average limited power the repetition rate requirement for the power
amplifier may be in the range of a few to hundreds of KHz. Hence, the device

30  operates as a “down-counter” or “pulse picker” (e.g., similar or identical to the
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Figure 7b illustrates yet another configuration

whereina pre-anplifier 702 is di sposed between the
waewd/obsaser stage and power anplifier stage. TPET/US2004/032661

pre-anplifier generally anplifies the output of a

pi cosecond seed | aser prior to power lification
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operates as a Réfemiigad Fidieés S@L), sehidmsaticlilédiediagras Wustrating in
simlar or identical to the -31-nodul ator sub- sgstem

1@nd Bphet detaldnrersirugtons; @fuewpéaranlésqrbgystemeww BPgy, be used in
as .
o VTR, B oo B A0 BTN SR ot
vel aoay be & nttmmmataillm avaihbletsemiconductorsiyser idiask iané dlevammiﬁel system

g;gﬁéflggg nt S gue, (f)lva@\ﬁr ((:)éta ® %G 1rf§ gl?(i 'ﬁgagn}f%fu%@ setWhal stages of

Uht
acott&ﬁpllfrcanbmc rmdul ator or ot her h| gh speed opti cal
switch. The device may be used al one or in conbination
W th nodul ator 108 for selecting the pulses to be

1§lel ivered to thy ?ute‘ 8k 1‘11[15@4'(&'9%1 E@Hgﬁfsershﬁthchuﬁlﬁltl ét\a%e amplifier
wavel engt h shif 105 may ﬁose at the out

as SHEANGCMANtE| @n@gllw tatlecs)eed@etOéel PRy g@emtgmpvélges of picosecond
S(a ch t el |l Ig

fur tcﬁ)é-atmzle g?? i fc;:sg r ucE{él ons eg&cﬁ{iga% Flggtgl?le, etc.) repetition
systmatesupioi 0 Kidy obéO (V%35 Ya |mt}¢>ndabdnmmwsham 4948 ps duration with a

gre:Zﬁjbt Ez_pzvent gn gg%ommlpg? %.Wvﬁégll AL lpg%{‘ eainptlitf%r stages are

26 em jgolndedt of fibaf» ®hsed| ?ﬁtﬁeﬁblﬂf ilh@le&m&ﬂd fpreifanﬁ)lﬁﬁéﬁmlll generally
i ncl udes_at | east g@ ber lifi

i nclanyifigs\the prlsey @Sth@nseeélﬁbfq a; qyg bgh leags to saturat101¥ in the final
fiber power amplifier 8112 (which may be a multi-stage amplifier). The fiber based

power amplifier is generally configured to produce output energy level in the range
of about 5 microjoules to 50 microjoules, which is generally sufficient to remove the
25  link with a single pulse and compensate for losses within an optical system. For an
output wavelength of 1 micron, Ytterbium doped fiber is generally chosen. The

fiber may be polarization-maintaining (PM) fiber.

Figure 8b shows additional details of one construction of an
alternative configuration which may be included in an embodiment of the invention.

30 A modulated laser diode 821 may generate nanosecond pulses (two pulses 8211
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| evel caused by back reflection. A polarizer 826 is
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( FBOFedamplifier aaddPaise pigker engRislsaian syl mayt kg doc uded in an
The Dl igm¥ht U tnd RV eddtan Geralp! the 86hfiduPation of Figure Sc is similar to

that of Figure 7b, but without wavelength shifting, for instance. Pico-second pulses

8311 may be generated directly from a seed diode 829 or by external modulation
25 (not shown) of a seed diode 829 at a multiple of the final required repetition rate

(e.g., amultiple of 1-100 KHz). The pulse energy may typically be about 1 nj. As

above, the signal is generally amplified (e.g., by about 30 db) with amplifier 8111,

before the pulse repetition rate is reduced to the required final value by using a

suitable modulator 1081 as a “down counter” or “pulse picker” (e.g., 1-100 KHz).
30 The selected pulse(s) 8281 are shown.



t he pi co-second range using a very high speed Gz
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r eduiaelkk tatngde betene qhundyed fmcrajou\lml wigh bganugualiy #hat is approxunately

sui LCE& ul.ator 1081 as a "down counter" or "pulse
pi c 18“ mited: 100 KHz). The sel ected pul se(s) 8281

are shomm -33-The sel ected pi cosecond pulses 8281 may

then be anplified wth additional stages. ure
1%hows one of tMéthe%Fli“bWrS?ﬂSdﬁ§er’er§1gt1%6“%? gy to fiber amplifiers

anmpl Ji§ iy&diy %\gﬁvﬂje%égﬁ% aRaNe by Qf‘giﬂrﬁplémb!né Of téd@ethods of

i sol ators ltor ce the noi se Ieve ol ari zer
826 qouplied theadinde feseipemeagy zramaohb%fmmﬁ%eal&dw@ mirrors 850 in

Fi ber t ) .
fib ecipnﬁ) ﬁﬁpluélﬁlsélg%%cﬁzsgstg%@% ﬁ%ﬁ{g{é&f lnb&;ﬁ%&snglotgg pump light
di oda® Wdapeddeloablleaylac) faskt &Fid tl&@ﬁgh rpespadiculaglyy cleaved fiber
he firs e may.he a 30 dB | e e,.Yb . . . .
o015 sl 0% T, B BBy LS RYEsger ic
" araﬁﬁan%@ﬂi@nt Nhe@[mbhﬁlpeéne&“gﬁ 858Qs dEciguldied ‘triﬂi’ouglufﬁber Skilled
nmet hods "known in the art may be used to control

out prersamd Al appregigier @@wwﬁrsré?gldué%ﬁhmﬁsabl.etayprogﬁ@tefc@mbmatmns of
go |8 i@ﬂé@ﬁﬂﬁuﬁﬁéﬁgg§%@%&ﬁr ed afif Smphifter B&:& ffay M@ $mplemented to

meet the design criteria of a particular application.
25 o Memory Repair System
Referring to Figure 9, a block diagram of a laser based memory

repair system, including a pico-second laser system, and further illustrating

numerous major system components of the present invention is shown.



and WO 98/92050) so that a nearly diffraction limted
out put beamis produced for delivery to the |link. The
W booso3vage system of Figures 8c-8d nay produP€r/US2004/032661
outputs in the range of tens - hundred m crojoul es
with beamquality that is approximtely diffraction
limted. Methddsnplet sigsimanbinohg stetionsarsingpiplifisond isgrs may be

to fiber anplifiers are I l,.known. Fi.qure 8e 0

by B Rar de E RRH W a e ot e Bt may be
di odftehRASRr iRBef@Y M4BOO séridd hemusieRired i9r .GIM Ehmonies, or other
mrrors 850 in conmbination with an optical

. system
(e. guicrqrazchining sysHONRYVing AMERIS Slthw@wpxamsolpﬁ%ms qn¢; performance
1 R L LA RS Sl g oo i
out pmtl prjisheel applicstionst edsignad te th msigmeopfcthopr@sent invention,
arr eqent _wherei n pu 805 js..reci I .
£ hr SRSRR ISl Pedt PR PO BisMePR ey B aB §Fcems:
under st and ot her possi bl e appropriate conbi nati ons of
different, types of |aser ces for see nd .
anpl i fi erl-| asd/s I%ﬁﬁf?&@@ﬁé%ﬁ@t&&dt iiﬁg%‘fa%%ysﬁeé% fQgpevering
criteria of a Jp@pikutREniPORIcE@dd Piths byVePRAsE FRaPAidjusted Laser
System Referring to Figure 9, a bl ock diagramof a

10 aser based méw8my; repair system including a
pi co-second | gggr PR N£®) 1444 gf éﬁth{éﬂtf" gt §i38el #tdon Positioning

numer ous ‘iraj or - systém cohpohents 0 € present
i nvention is shppamtus"34- Conpl ete niicromachi ni ng

stations usin i CO C I rs.. whe i |l eyrented,. . .. ..
At | east %ne e ogphzfq.%gﬁla?%ﬁéggg@e?%n@qtg)g@r}g g%&f gmaruatlon ’
gg?/ Ee I nf.egr aU.@dPhﬂth.tjj@M@h@ﬁflé@SLMﬂPf(ﬁxétsinlige'd by
unoni ¢cs, or ot her mcromachi ning syste avin
1Xui t abl e ub- i & &ﬁt-tMPe@gzﬁéég?aﬁWtﬁgrf & Qllw"lem’ Paser-Based

speci f I cat i onsyiEgibg Ahg8ySARTE: PHREQTRCTAREMarcHiP:;

following list of attached patents and published

appl i catitons, GSsiRghedot 6,340e808s singjHed "EﬂeIIgMéEfﬁﬁﬁg’éMethOd and
i nvention, de | be . S I d iy
menory repair oS! et enared, M T UblE gn Ampliied,
5, 300, 756, entWhvaehgtiMShifed Putsd TByst'em f or Severi ng

2(,&3} 52: ij '-age :I?Jg;térppcﬁgart]i%ﬁtsleg rl\JoP%t9IPS$72?y25? ellitt&ﬁe%ie'l\/ﬂtﬁ‘otcfa and System
For Precisely Positioning A Waist of A Material-Processing Laser
Beam To Process Microstructures Within A Laser-Processing Site",
filed May 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;
25 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

30  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
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2. US Pat. No. 6,144,118, entitled "H gh Speed

Preci sion Positioning Apparatus"; 3. U S. Pat. No.
woG28038928, entitled "Controlling Laser Pol ariREL/U82004/032661

4. U S. Pat. No. 5,998,759, entitled "Laser

Processing”; 5. U S Pat. No. 6,281,471, entitled

" EngrapesEfand ovitnimproeslapre@sion dvhvatdoopasddo Syrteasphal manosecond

Processi ng Target M g U S. Pat, .

6. SIBR gbRcesSe FinatYen, o ik eProceiie, Hhatoqbfimgs gvith the present
Sy stigention n\iil.i\zqséet&sﬂiagou?an gdiigVijeed ilakr ploicegingnsystem.

Ampl i fi ed, vel ength-Shifted Pul se Train"; 7. U S
Application Ser. No. 09/572,925, entitled "Method and
System For Pr ag}€lehtBashditO vt e AnVElitdh RdveAbeen illustrated and
Mat eri al - Processing Laser Beam To Process )

M crestribedt ifr snopvintendedathan skgse rmandigenig) ikbistiate and (deggribe all

May 16.. 2000, a publ i.she 34 A2 oo
Do ahoiE 13t BF P rARE R e RO Yol tliin e specifcarion are
of Svdxds OIS 2ptRATathSr thhh BmitRddn, ahd it i6 nddosté@Dthat various changes
entitled "Laser Processing'; gnd 9. U.S. Pat. . No. .

6, 3 RYGEmad, P ACPBENE drcian e i #pdShges O Piygation.
As apparent fromthe teachings herein the present

i nvention provides for processing of links with pitch
of less than 2 mcrons with a negligible heat affected
zone, and without the conplexity of a fentosecond

| aser system Precise link renoval may be facilitated
with one or nore picosecond pul ses. Further, [ink
renmoval may be acconplished with high efficiency when
conpared to a slow etching -35-process, and with

i nproved precision when conpared to conventi ona
nanosecond |ink processing approaches. Link processing
i n accordance with the present invention may be

carried out in a high speed | aser processing system
VWi | e enbodi nents of the invention have been
illustrated and described, it is not intended that

t hese enbodinents illustrate and describe all possible
fornms of the invention. Rather, the words used in the
specification are words of description rather than
l[imtation, and it is understood that various changes
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may be nmade wi thout departing fromthe spirit and

scope of the invention. -36-WHAT IS CLAIMED IS: . A

wo amsn3ased system for processing target mat ePCEIUS2004/032661
within a mcroscopic region wthout causing

undesi rabl e changes in electrical or physical

char@WeiAF ISOLAIMED 3$: | east one material surroundi ng

the target material, the system conprising: a seed

| aser for generating a sequence of |aser pul ses having

a first pre-det.ernm Aegiembaset enpge; foaproopdsingathrget material within a
anplifier for anmplify at | east tion,of

seqUBIFERsCRic geglgwlf@ubgwm l&ﬁieélﬁ%?l? Pfl@é@egéﬁa‘@ﬁ‘e'&%‘?r physical
out Fﬂﬁtara‘ékélrﬁﬁés oiaaﬁqeﬁt Bﬁ@ﬂﬂa@?ial WGE SurRiip! ﬁe‘tir@ét matenal the system
delivering and focusing at |east one pul se of
anpldofipsgingequence of pul ses onto the target rmterl al ,

the at | east P

n the range of CeBgtet Tyt BuEY PPt BEer b ek HPing o fir
nanggederamicievgvelengthdur at i on be| ng within a thernal
processing range, and the. at |east. one focused .ou t

pul se havi ng (?Ht'&;‘]]earwpqg adgﬁgfy 103 aﬁieagqm?ﬂ?’? Bﬁﬁ!‘e sequence
Wi t hifrpuldes td @mtﬁﬁtan@ﬁlﬁrﬂealseqaen&@aﬂs tlhsnwe@f hetivity

of the target material and efficient coupl e the

1§ ocused out puta hagimdaliyer ytsastg@tfomlyﬁrlag aphlochyipg at leans one pulse
targg gh«{riﬁ{\}@; i se aencq&? Ptﬁlﬁést &I Blle Glddk mai!eéﬂ? Ghé b{‘leﬁﬂ ®ne output

beam y sy dtem er conprises a l'ector for
del ipudsei hvgmgwae pelegjderatien di theulaggs of 3bouTHE Eeastemdsto less than 1

claim n the be ste i ncl udes. an
et e P R otk VR SURHTT i HBE Pad?, and the at
non-lefuoge f&ﬁmﬁl&dltpmtpnw% lﬁuingauffklen'ﬂpew%y démity af a tdcation within
1 further conpris

1?)r e- tgﬁﬁqrggt};p%m@lht@n%gw qhg gtﬁg)céléfaﬁéﬁéée fageey material and efficiently

pre d;%hﬁferfh@ efbubidl GRpRNBLINe ta‘?ﬁ’&'meﬁéﬂléﬁ to tré}né\?beth@ Rdrb&dhaterial.
anplifying. 5. The systemof claim1 furt

conprising a shifter for shifting the flrst vvavel engt h

to a second vvayel e h .
ampl i fying. - n% }E[é g}cntcgafurn Fvﬂfé}é ﬁfalh? tbﬁaIP delivery system

co n‘[fu'rtha':n’rg)mpr[msi g Idaﬂmtorf ﬁor delivering the sequence of pulses.

3. The system of claim 1 wherein the beam delivery system
20 includes an anamorphic optical sub-system for producing a non-round focused

output pulse.
4, The system of claim 1 further comprising a pre-amplifier for
pre-amplifying the seed laser sequence to a predetermined pulse energy level prior

to the optical amplifying.

25 5. The system of claim 1 further comprising a shifter for shifting

the first wavelength to a second wavelength prior to the optical amplifying.
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controllably selecting at | east a portion of the
anplified sequence of pul ses based on position or

W@ 20060889y4 | nformati on to synchroni ze a |ink anPCT/aSm04/032661
beam position during relative notion so as to provide
the at | east one out put pul se subsequent to the
optical anplif$ing. ge syrss@né,)fs;!aem bgurcﬂmqmprrsmgtmwdulator for
conp
" canongoll s dRethe 2 Rt SforBORLE Bl iicd Spehcc M pfes based on
posi fidsitionar VEEiCﬂJ}E utftyrrmaurbn torgytnichronize aslmkcalnd dasEzlecam lbdsi‘don during
and | aser beam osi ion durjng. relative notio
o, peGiaanaon Bhat AR 08 % JosF que culih el ghfiuent to the
5i nkopft ﬁaﬂﬁﬁﬁﬂglﬂgﬂ or to the optical amplifying. 8. The
syst em of aim6 wherein the sequence of |aser pul ses
has a repetition rate that is greater than about 1 Mz
and wherein a dul bj
sequence of pulses ?ﬁé)gy dé?lgtglf?Lajélﬂr eglgtal?é{%ghﬁ)rrfgtga fodulator for
wi t hiomtrioHably aslgetingf atdérstia pédtiontod thO@qiénee of pulFbsbased on position

vl stoeiy ougiof 15 PPl O SR o beB BRGSO retaive

dur ahbsh & Babeiotibent 180 uthe pulsRqHecRs the t@iget lidkeon demand prior
system further includes a nodul ator for conpressing or

IQI i oribe PREcahamPERERE.one nanosecond pul se to produce a

pul se having the duration in the range of about 10 ps

to less than 1 ns. 10. The systemof claim9 wherein

the at Ieast ohe seble systast of elaim §-whiircintbel sefuenes efdaser pulses

e% f?t‘flcgn {:ager:r%—llrpclz Sl§ gfeta%'fn St%IonS gﬁdﬁ{)rﬁ] Rid g{n(ﬁ é\ﬁlselé%lg a modulator

at or t ween
I as e:ronerntlaliilyl gelacip hief sequenag of madsep te sslucgthe sepedtibmravec within the

prior to lifying. Jhe systemof claim9 wherein
the & %%P@%Wtﬁékﬁéﬁﬁ%ﬂﬁi sposed after the anplifier
and slicing is perfornmed subsequent to anplifying.

-38-. The systemof claim1 wherein the seed |aser is
13i ode punped sdlid Shavstenngkelaim A wheseinghe seqpente of laser pulses

cl al;mWAES & babiEnddpRYE nRMAR S nSRstdnd! @frfiion greater than about 1
nanosecond, and the system further includes a modulator for compressing or slicing
the at least one nanosecond pulse to produce a pulse having the duration in the range

of about 10 ps to less than 1 ns.

20 10.  The system of claim 9 wherein the at least one seed laser is

a g-switched microlaser or laser diode.

11.  The system of claim 9 wherein the modulator is a compressor
disposed between the seed laser and the amplifier and compressing is performed

prior to amplifying.

W]
1))

12.  The system of claim 9 wherein the modulator is a slicer

disposed after the amplifier and slicing is performed subsequent to amplifying.
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| aser is a fiber laser. 15. The systemof claim1l
wherein the seed laser is an active or passive node

wo owkmsBIPaser. 16. The system of claim 1l wher ePOT/UR®04/032661
seed laser is a high speed sem conductor | aser diode.
17. The systemof claim 1l wherein anplifying is
perforned usinPat Thasisteanel ¢laipe} W@B’teiub%aﬁ?ﬂdi lpseg s diode pumped
18. T of claimwherein the fiber optic
anpl?df?ﬁesﬁ%gga?g?gai n of about 30 dB. 19. The system of
claiml further conprising a shifter for shifting the

| aser wavel eng of _at | east_.gne | se of .the .
anplified sequL&ce Eﬁe Ssreanaf Cﬁ?lﬁhfﬁ@%ﬂ@?%é%’f‘@ﬁ&? folid-state
to apps®GeadivepyRkengt h | ess than about one micron. 20.

A | aser-based system for processing target nmateri al
Within a mcroscopic region wthout causing

yndesi rabl e Chf‘f‘geSTh@f}%'te%?Bf LG 1WA IHE Sed laser is an active or

characteristics of at I‘east one material surroundi ng
t he pasigetmadetleckedllaset.he system conpri sing: neans for
generati ng a sequence of |aser pul ses, each pul se of
t he sequence of pul ses having a pul se duration in the

range of about1d.0 pTE@%&CBhﬂdﬁclhimﬂeﬁﬁrdiﬂm sked laser is a high speed
nanosecond, the pul se duration being within a thernal

pr OC%FW“F@F@@@?I H¥8d&1 at or means for controllably

selecting at |least a portion of the sequence of pul ses

to provide at | east one output pulse to process the

target material7.on Tensyngm efrdpimzowherginsaniifying is performed using

eli ' f Qe sJ Hg the at | east one output pul se
1gnt oé{tquép?%é?gg?r O?Pg]’téerl aﬁteg'orrpri sing an optical system
the at | east one focused output pul se having

sufficient po density. at l.ocation within the. e
Carget materialtto TRRAISIET PRCLpBE | LaiFis (e dibef pRsic amplifier has
t ar g&lin GRAWIU 30 a@nd efficiently couple the focused

output into the target material to renove the target
material. . The system of claim 20 wherein the

sequence of laper PHlSESem of claim 1 further comprising a shifter for shifting
the laser wavelength of at least one pulse of the amplified sequence of pulses from

15 the first wavelength to a second wavelength less than about one micron.

20. A laser-based system, for processing target material within
a microscopic region without causing undesirable changes in electrical or physical
characteristics of at least one material surrounding the target material, the system
comprising:

20 means for generating a sequence of laser pulses, each pulse of the
sequence of pulses having a pulse duration in the range of about 10 picoseconds to
less than 1 nanosecond, the pulse duration being within a thermal processing range;

modulator means for controllably selecting at least a portion of the
sequence of pulses to provide at least one output pulse to process the target material

25 on demand; and
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is an anplified sequence of pul ses, and wherein the
means for generating includes a master oscillator and
w@ows3sanpl i fier (MOPA). 22. The system of cl aP@T/RB82004/032661

wher ei n nodul at or neans i ncl udes an acousto optic

nodul ator or el ectro-optic nodul ator. . The system

of cl ai m 22 whdgansfox %W@u@g@fl@fwsm th@mum 8RE PYpH! pulse onto
whor Se R R E aliph bprisog fn PIEINSHALLAE of Bk Hocused output

def Imﬂmhaxﬁmg swﬁtcieatpowgr dcnsllteaasta loetiquuivithirt thetthrzet material to

tar get S on._a osit nd

ver e h iR o Yot Prt maliT Lot aiREadf anbledRy flsed oupur

50 tiag ik tdugatsﬁlat@ﬂ@l tbttbﬁ@ve &fé-ta&el AaRimbased system

for processing target material within a mcroscopic

regi on without causing undesirable changes in

el ectrical or physi ’Pl?é w@@:ﬂf Scligid 56 \Vﬁére?{ th@tsedlu%ﬁéé ololﬁ&r pulses

material surroundin e target materia

conpi iasjamplifigd fsequ@ncd @fs;@rlsean@dawwcmrtue lrra:smr foli @eneratmg includes

Prodpehag: SRl Al agbiRu. AdopIgvi ng a t emporal

spaci ng ween t ses nmbi ner for

conbi ni ng the puI ses at | east one optical anplifier

for anplifyin ast a i,on of the pluralit

pul ses; a cont I I e hefsé’Fte i U, Orvghereia @H‘}?BF %“S includes an

16 paoacoﬂst@fop&@ fhodulabf or RESEE-dPhic an&ru%i&t er m ned
physical property of the target material; and -40-a

beam del i very system for delivering and focu3| ng at

| east one anpljsfie
the at |east ofe oSlt“}foéngty§ %ﬂf“ﬁ?}aV| nmé&% Hg%tleglo Rtigmodulator

g a pu se dura
i n tihe Maohgéeluienimodulat®. pi coseconds to | ess than 1
nanosecond, the pul se duration being within a thernal
processi ng range, and the at |east one focused out put

pul se having suffi cTientysponeT d€Rs20Ywhdreid tHeCakidNfor delivery
wthlgé é et material to reduce the reflectivity
of tACUdSr3Re and e AFieq fo e fleetingc plelsrst prg qiwheeiot the target material

15; g? lbzt%h rrgl?ngf Ilhtaasﬂ &t Shel Pdittcd! BARE vaTBLISS IRbrnlRioh UTAKE t4rB& material
grelatlve to the at least one pulse.

25. A laser-based system for processing target material within a
microscopic region without causing undesirable changes in electrical or physical
characteristics of at least one material surrounding the target material, the system

20  comprising:

a first laser and a second laser for producing a plurality laser pulses
having a temporal spacing between the pulses;

a beam combiner for combining the pulses;

at least one optical amplifier for amplifying at least a portion of the

25  plurality of pulses;
a controller for controlling the temporal spacing of the pulses based

on a predetermined physical property of the target material; and
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26. The system of claim25 wherein the system

controller further conprises a delay line. 27. The
waywsos899f cl ai m 25 wherein the predeterm ned pOE5a4/032661
property conprises a differential thermal property.

28. The system of claim 25 wherein the predeterm ned

physi cal pr opet byamsglepi eryesy séin dpip delivamingf andafospsing at least one

o 200 BT TOSaBUSHERNRY o AP B HE Do  puse

anpl ero
cl ai dar2fominahe rangatof IabtaBtIaneDsecEOIﬂheo felss ﬂtanandlnsmomﬁ, the pulse

d,.fib |
ettt Ghish Vii5in ARERG] oo Sing28ece Aas 5 A st faeused output

snd ;ﬁﬂ@m@hﬁ%awm%wnﬁ B@wélemmpouﬂ@t raeatkcﬁls%hﬂhl ®€Qargd? material to
The systemo clai m 25 wherein tenporal gacm i S the

r angédige th%tﬁﬁkectm?yarfélzeet&ﬁ%@ate@all@drﬁﬁ@g@ cieyple theyfpcused output

into the target material to remove the target material.

26.  The system of claim 25 wherein the system controller further

comprises a delay line.

10 27.  The system of claim 25 wherein the predetermined physical

property comprises a differential thermal property.

28.  The system of claim 25 wherein the predetermined physical

property comprises dissipation of vapor plasma plume.

29.  The system of claim 25 wherein the amplifier is a fiberoptic

15 amplifier.

30.  The system of claim 25 wherein at least one of the first and

second lasers is a diode pumped fiber laser oscillator.

31.  The system of claim 25 wherein at least one of the first and

second lasers is a semiconductor laser diode.

20 32.  The system of claim 25 wherein temporal spacing is the range

of about 2 nanoseconds to 10 nanoseconds.
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