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LASER-BASED METHOD AND SYSTEM FOR REMOVING ONE OR
MORE TARGET LINK STRUCTURES CROSS-REFERENCE TO
RELATED APPLICATIONS This application claims the benefit of U.S.
Provisional Serial No. 5 60/765,401, filed February 3, 2006, which

application is hejeRuESRYRIFURTABI AR S PSTENE ¥ ORIS

applicatiog yyAPPING SIeE GRPMOIRR PATROET ¥ INR ST UC TURES
10/683,086, filed October 10, 2003, which, in turn, is a continuation-in-part

of U.S. Serial No. 09/941,389, filed August 28, 2001, now U.S. Patent No.
6,727,458 entigbYsIREPERENEH TGS Beset MEPRICATGNSSystem

for Processing Target Material,” which is a continuation of U.S. Serial No.
09/473,926, filed December 28, 1999, now U.S. Patent No. 6,281,471.
The disclosure ofhisSapphitariohl oldn28thd bensfitese by, $rdupesidaal [Serial No.

0. SO R A R PR R By Bt Staca by

TheefouinBadrdts astird®yocEbiirapplicasionuili aMainlalienive pafiteapplisation to

27;2Q0 i lai efs Vigio plisaton et :
NoF%%’/?g}%f& |fem%§r§‘r§§(§, Zégélﬁﬁg%sc@s’ﬁ ((%E)Uygﬁés%rig &?n’ ©a
10/xorimggionein-pans | shbaSasSerigl Natcdf/ApbR&S: dHladupngasoadh 2 rnow

20Q28 16428 NS NEFRBY 458 URABICAENe S LSRR AP 1S.60RR6d Method and
20BACKGROUND OF THE INVENTION 1-Field of the Invention

ThéysteautoriRuesessingdarastiMatariabio whigh is g fepdatgmeéHoisSsHal No.
ST ,@Q@,Sﬁ%dfigﬂ&éﬁibéi\S_ESPM?W@tbo%@fﬂd NSteBi471. The
removing one QO ore congductive target |ink structures form on ..
G Reero e et D066 2T A hersra-AorBarAIE: pifelegpe in its
lasesttiegopir oThesl wppdicasemisoaoctorcortimmaticleirigeat BACKgrSeridl No.
Art ongmics. device,performanc ve dryen the size for .
el 00, E00 AL BRI TR B H B essing o
arcMivdtidMatesiak Pevtichiit filediviarstndac2Oohovihich ¢laiknscthe thgnefitlob U.S.

de@RAGnal Application Serial No. 60/279,644, filed March 29; 2001. The
disclosure of U.S. Serial No. 10/107,890, now published as U.S. Patent Application
Publication Number 2002/0167581, is hereby incorporated by reference in its

entirety.
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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Institute of America (2001), relies on the differential thermal expansion
betyeen thg @xide APAYE the link and the link itself. The differential 10
expansion results in a high pressure build-up of the molten link contained
by the oxide. The oxide over the link is necessary to contain the link in a

molten state |0”Q§@Bﬁ’é&ﬂi&§°aﬁﬂ”de¢&§%@tﬁ%£f&swﬂ% terprackibasR¥ider the
and ex Iosi\éﬁ%expel the link material. If the pressure is too low, the link

will SréRdolRgicexings MrXrnavRath aby SicRl AUmERsO8Hd Rekpnly are the
corjerlcdsi millineigage: thadasanene id 1huundaivknedh quivdananiBecreased
the substrate and material contiguous to the link. Further

inféﬁﬁlé’ﬂgﬁ YIRS Y85 ding link blowing methods and systems,

including material processing, system design, and device design

considerations, ig i WY, EPEESEAGIY 6B LRIPRI AN PUDlaSHed in

U.S. applications: U.S. Patent Nos. 4,399,345; 4,532,40
4,935 Cusiing Odaking!: i FheREPOK 06 ATER HATEREAS BROSPSEBNS, Chapter

6,119, $8°5951615 2 BieP siite & Aier{eR 02I6A; AR LHPAORRIRial thermal

Other representative publications providing background on link processing

of RABHPRIRIINE D Ui pxide aboproties iy Hpshiediositerlf dEhe differential
(Alogj%%mﬁé&ﬁdsmﬁagqugﬂtbi@fs@lw ' IE@AEYIVEBI ml etk dohfdinéd by the
puter Simulation of Target Link Explgsion |n Laser

b M ISNG REF 6 LA ShBe<ELAS EoSH U8 R pglep sate long
Mienooghhinbuild-Bp cgfficiefififessmie 6d tratRE0Y; dkidsemB kxpdssivigyiekpel the
Application cific Integrated Circuits (ASICS)." .SPIE Vol..774, Smayt
(19%%?%&?@?nggpeRégg?Psifau%#cP é(r;;‘/%’ta}ﬁ f)|}sip a;vlvsl,E 5t%?sr, RO a%lgmﬂ y-
Ophdintsetivedassr wavsienBtwrandriasessimiradistt ivéatie irSoese [the tasei Siefiergy
Co 88): .+ Ontimization ' I ing,:

Su rtwﬁ Edgﬁs,%%%vhean%g%ﬁ (ti}:%ﬁ g%@gﬁ%%%ﬁqﬁggﬂgg@gi gﬁ;kor?lgﬁ/gs?s&g tok.

Laser Metal Cut Energy Process Window," Bernstein, Lee, Yang,

Dahmas, IEFF TiapaPhRemuaRds MH%%%Miﬁﬁirm%lgwfgg%hods and
"Link 5 Cutting/Making" in HANDBOOK OF LASER MATERIALS

PRUBEES NESTuding, maierial, Prosesing. | S¥SIETsHRHEDT ARtbrleyice design
(20¢bhsiderationf} dguiienfsiis ing wpresxiganeaiDNpteht amdcraldned U.S.

access. memory inclyde fine, pitch lin ving link wi legs )
tha?PBT. %Pc%ng‘ggén?d%qs%ltc °im‘h%%§%mi§%%a@g)ﬁ%@v 23’935 ,801;
micT@F9 (#64;, 3, 28 435105,263,0 181G ATE62ANE (54| 1860160132)828 1i6K191,486;
repgil | -SWi ] ed solid-state lasers with

CRoa ST B ol

waveélengths’ icrons and pulse widths about 4 to 50
nanoseconds (ns), are not well suited for meeting such requirements. The
arge (wavelengldiai'9e SaeiaiEe AIRAITOR 60 ubund on tink
limited) are two_limiting factors. 15In INTERNATIONAL JOURNAL OF

ADRFR{GESE]S MANIETRNY FlE)Rfeor 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

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
Crystal Displays,” Waters, Laser and Optronics, (1988); “Laser Beam Processing

2-



TECHNOLOGY (2001) 18:323-331, results of copper laser processing are
disclosed. A frequency tripled Nd:YAG laser with 50 nanosecond (ns)
pulse duration was used. The measured heat affected zones (HAZ) were
about 1 micron for 6 x 108 W/cm2 irradiance and more than 3 microns for

abot a s KM isracidnes (1D tenpRigiAve HeabnBade dandancy
address the problems. Reference is made to the foIIowinélg%.S. patents
and-BloREPREES 8 plicflod&artis sSwetsatodluichens; 4%l 55EHE 36%. (199):

5,998n48%i5 6003 AsbBALaBRRAOCER:ByOPHRRO WIHRD A3/GR2RA00 anek, Yang,
European patent EP 0902474, In summary, the conventionalé-switch_ed,

narlddBesn dEdH e 8 <30 condn Mpart widleihditits, e M abkénto
sprocegminaa£mefing PiEcDIGYS dueligits MermaliRreeesssnatyrendfrterial
interaction mag;jbe a substantially non-thermal process at femtosecond

pul88 wAathE): BatthEEEHSNERBE R Wdts, and reliability of femtosecond

pulse lasers may limit practical implementations. Device and material
modifications toRujppericlasdorepaitcatpaxpensive dpchalionanday natie

sufficient. jmpraved method and system for 30fi itch, link processing
o gy D RR et R R R Pk R R Sy
prowiddiftr gificieatttin ko remor ghainiglskeheiittomnicades (withdwBBthecrons).
1Ocorrclplexi;[y associated with femtolsi(cond.lasers stems. ) .qu Nd
roll SHIRG rETBHEHEEL [T A UYe Al S Pt I e L S RYAHIE !
soresaf whidchaar &yaterith ceddiergn: obpbhlit Llee | 3. dbronamil [i0lsSmidtls J.

Griffiths and J. Bernstein "Analyzing the process window for laser
i ik e b A R B R o S S
200the large (wa@puktBliBasdstpinside hiethGmYafigcaaide Widthriiasted) are
"Ant%lJ %'si%f Iaﬁ%er Tetal-cut energy process window," IEEE Semiconduct.
MahUtaee Vo 1%, 10No. 2, pp. 228-234, 2000. [3] J. Lee and J.
B. Bernstein, "Analysis of energy process window of laser metal pad cut

15ink structure,” |BEENSEMBONut.MRNAEacOF VARVASC 0. MANEFAZDRBOS,

M [4}. iffiths, "Analysi t
o o et S s el
fastridedtinmeyldgplep NS AGr diser diitly S O h Semivod duston Madurigioturing

Te‘ill&?'?@é( WatshaR, Hy oG, SRV APy L ]abé?fl’l DGGoM R 620"

[5] T. Kikkawa, "Quarter-micron interconnection te ngolog|ezs for 256M
DraWisin Exeeidetianbewadtsnihmicons Bolitbmdiceadomaienititsc20pp.
90-92, 1992.

20 Attempts have been made to address the problems. Reference is
made to the following U.S. patents and published applications: U.S. Pat. Nos.
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

25  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

30 fine pitch link processing is needed to circumvent problems associated with thermal

3-
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[6] M. D. Perry, B. C. Stuart, P. S. Banks. M. D. Feit and J. A. Sefcik,
"Ultrafast Laser for Materials Processing," p. 82 and pp. 499-508, LIA
Handbook of Laser Materials Processing, Laser Institute of America,
Magnolia Publishing, Inc., 2001. [7] H. Liu, G. Mourou, Y. N.

PicgiheR- )L\étrﬁ{ﬁ&g GGl ASE ¢ A LAY leelgég 1BPRe ?%tﬂ&u the

Concentration on Silicon Damage T res old," Lasér ectro- ptlcs
Volcomplexity associpted with fer[sp@cm&lmn iRYSteRED versus Femto in
Micromachining," 50ptoelectronics World, pp. 221-224, June 2001.
[9] J. Jandeleit, G, Urbasch, H. D, Hoffimann, H. G. Treusch and E. W

Kreutz, "Plcoseca?i'& E‘%@%%WRSI&%HCB?B%WC&&&PTQIH*\%O E&lﬂﬁdﬁﬂﬁe present

VolinkeaBiopp sdmé-d2Whih%e referenced drdinC. North and W. W. Weick,
"Laser Coding of Bipolar 10Read-Only Memories," IEEE Journal of Solid

State Circuits, Vol. SC-11, No. 4, pp. 500-505, 1976. [11] J. B. .
Bernstein, S. S. €idhen hnideP,. JWEWatin; NetSmati,e] CGOttiffitisyaRd pe Bexdstein

Applj ey m. mP
SRR RS WRE 0P sl Monpel AR BBcling B e
Tad eghadiom, PRfotipanReceniber BRYR repetition rate (133 MHz) laser
ablation of aluminum with 1.2-ps pulses,” Appl. Phys., Vol. A 69 [Suppl.],

S$883-5886, 1999. SUMMARY OF THE INVENTION .
[2]  J. B. Bernstein, J. Lee, G. Yang and T. Dahmas, “Analysis

of laser metal-cut energy process window,” IEEE Semiconduct. Manufact., Vol. 13,
No. 2, pp. 228-234, 2000.

[3]1 J. Lee and J. B. Bernstein, “Analysis of energy process
window of laser metal pad cut link structure,” IEEE Semicondut. Manufact., Vol.
16, No. 2, pp. 299-306, May 2003.

[4] J. Lee and J. Griffiths, “Analysis of laser metal cut energy
process window and improvement of Cu link process by unique fast rise time laser
pulse,” Proceedings of Semiconductor Manufacturing T echnology Workshop,
Hsinchu, Taiwan, pp. 171-174, December 2002.

(5] T. Kikkawa, “Quarter-micron interconnection technologies
for 256M Drams,” Extended Abstracts, Int. Conf. Solid Devices and Materials,
pp. 90-92, 1992.

[6] M. D. Perry, B. C. Stuart, P. S. Banks. M. D. Feitand J. A.
Sefcik, “Ultrafast Laser for Materials Processing,” p. 82 and pp. 499-508, LIA
Handbook of Laser Materials Processing, Laser Institute of America, Magnolia
Publishing, Inc., 2001.
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An object of at least one embodiment of the present invention is to
20provide 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 methog-And systen e 16 AIPCSSIIPIRG PIEh M?'ii&l%%kﬁxd T.

In carrying out the above obgects and other objects of the presen

invehien, o Restn il avetergirrdnidopiegaGansentiakionr gan fridiesn Damage
circyirRRGRACHRR % EIVAIE- Whhiek! VBHSING UNdRRifARIpamage to

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

the substrate, or link structures 5 adjacent the target link structure is

provided. The tar@gt liniGstrPsshikmik, I Risst Gikak FeuftdIrRS Micloasichining,”
some link structures, in the set,of |j ruct are separated by a pitch of
less ﬂ{gﬁiieftﬁfnﬁ‘f:‘%qglleo@ 'rn%ﬁd%gskgi%‘?géﬁg'a sequence of laser

pulses at a repetition rate of greater than about 1 MHz utilizing a seed

laser having a firggpredeterming waRieReh ol 1S ﬁ?}ﬁ%ﬂu%% Treusch and

includes optically 10 amplifying at least a po’rtlon.o'f e sequence of laser
pulfesWo KEeuta, arPiaossenad Lasgrepblavon ofplihisu(sepper ilmathdaptilPhys. ,

furtgy inckalegs,delivering apgkfocusing pulses of the amplified sequence
of output pulses onto the target link structure during relative motion of the

substrate. Substantially all output pulses of the amplified sequence of

output pulses hayrop puls€ diediRniRs Wham. alveitkl 0Q deritRiRE Y Sipolar
corgesponding pulse.pow nsities | e of at least about 109

o O R L e B e R it e aNo. 4,
wappleHHe5 alidhif. 1.2 microns or less. The power density of the focused
pulses is low enough to avoid the undesirable damage. The total energy

of all of the focused pulses is high enough to remove the target link
structure while alddJavdidBigBernstein,iSd SsitzdHencamh By éMo Wyt lifetal Wire

SUr¢eiHIRS By ﬁ@@pé@t@&“@?ﬁ%&%ﬁ%ﬁo@gyiggf i‘llilsrlﬁ(gsm cj‘q.esfcol [ Fhstrum.

relative energy process r greater for pitches in"a
rarf{®f BBod? 16ritt8n k893bout 2 microns. 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 opticall amplifying&25The method may
further include shiffihg e hrECAYBMcKe rhifbany By cHgmmas atbeWorifan and R.

waSeMagtiripainksio Ulktra tegtofcpieticiolyra@ PIfSIMHZ) laser BBRMABPHuminum
ma\xi[ﬁlri r 'an{Hdes c,ontrolll ly se Cltll‘:‘%, §u sequent to the step of
optically AMBIVIRG at BBt b bribRlof e inHBREd 883 xeRe 498%uput

pulses based on at least one of position and velocity information to

synchronize the target liglkirgiie SR RESNRERIMRESion during the

relative motion.

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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The method may further include controllably selecting, prior to the step of
optically amplifying, at least a portion of the sequence of laser pulses

based 50n at least one of position and velocity information to synchronize
the target link structure and laser beam position during the relative motion.

The step of genefﬁtwrgll g’ 61&'%@%%%}&&@%@%@@?%@&% |6 the present

provide a pulse on deman Teméporal spacing between substantially all

imniRYRBHOD. sRijiasenbassh mediods of dBOYIBE R @FE&&&W&%@WSWS@ Aircuit

leaghfricanasarandbstidte Shieroat caniigahlieseiprdiaanmgy ﬁ@ﬂi&ﬁlﬁ@&ate any
repetition rate to Wlthln ar ge ofﬁalg(ut 20 KHz to S’Eﬁo KHz.

seqHEIRCHGARYERT RriveRD TUCHUE Rl TR SR o Bal%smcmres
dUrﬁﬂjﬁ@@t&ﬁé&hﬁ@éﬂﬁk@ﬁﬁ;&tﬁ%ﬁﬁ@@fﬂéﬂ%&ﬁf Bediflep ety is 1nI a set of
de 15 t least one, pujse to p e a pulse
P 2 GEREE o B R A UEOUBES I 1he b i, Sgfure e
maydparatcﬁskwlmaﬂl msﬁ(bé@dahen Qrﬂﬁse THionhethadiglades Igaldﬂl{aﬁlg)ﬁ S¥quence
he step.of c r or.slicin
e SCHRHR ISR Bt e ats AR A SRR SR Sl P8 e
mahdyang @cﬁtetmqup@dm@ sam@dagér THe dietieod fnred, isclidlet aiptically
‘asahipi i 2las AR asT URIRE SaeiRediaatt rgﬁ%%@&?ﬁﬂvﬁl%phﬁed

passive mode-locked I er. The seed’laser may spee
serSRaysBcEa oBEE py&gé The method still further 1ncludes dehvermg and focusing

pulses of the amplified sequence of output pulses onto the target link structure

during relative motion of the substrate. Substantially all output pulses of the
amplified sequence of output pulses have a pulse duration less than about 100
picoseconds, 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 wavelength
of about 1.2 microns or less. The power density of the focused pulses is low
enough to avoid the undesirable damage. The total energy of all of the focused
pulses is high enough to remove the target link structure while also avoiding the
undesirable damage to other link structures in the set of link structures. The focused
pulses provide for a relative energy process window of 30% or greater for link

pitches in a range of about 1 micron to about 2 microns.

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



10

15

20

The step of optically amplifying may be performed by at least one

fiber-optic amplifier. The fiber-optic amplifier may have a gain of about 30

dB. 5The first predetermined wavelength may be in a range of about 1.3

pm to about 1.55 pm, and may further include shifting laser wavelength of

the amplified sequence of output pulses from the first predetermi .
oS RN T RELEr R Ao e g e Rl bBSRACH SBlRg e refpive
gemaytiting may be carried out with a master oscillator and 10power

amplifier (MOPA). The number of output pulses and speed of the
relative motion may cause a displacement of the output Balses to exceed

a predetermined kBferegtbed may fNEtherdnalide sentioli-bneelfcHagy Ryiardo the

oueld BlSRECHF HREI QU HR U peritiDepliR e isRAt: GFlaser pulses based
predetermined tolerance. 15Stjll fyrther jn Ca%ﬁ out the aboyve 1%t]éjects

an@b it dFashRRS b PANIGR AR VOBV SRICTAN G SRy ofuiRe AF target link
renseubigre Aadolabdinkeairlipdsidonl ducinguitdablatake thotioa substrate

without causing undesirable damage to the substrate, any dielectric layers
between the target link structure and the substrate, or link structures

adjacent the targBidistep ol ghnerating anagedciide gamgewitdhistgubriseeid dcer to
in %ﬁﬁ/‘i@ég Btélb(}}l&f&ﬂa .Ieast 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 repetiigntif opsiaaPetieBrBinilly, MCiRsIaR8 adjacent

having a first predetermined wavelength. The system further includes
meRHERP IO SORPERes R IR LPYIES BAYOPE A tspthe Ranassgomdice Bhe step of
lasgsrizkdgasloselR@ingemaneliiies the e atoaratd Ry WAALE rafge DISIBGUL 20
still further includes means for delivering and focusing pulses of the

a 9 e of output pulses onto the target link structure during
motion of the substrate relative to the link structure. Substantially all

pulses of the amplified sequence of output pulses ria‘ye a Pul§e duratlon .
sequerice of Taser pulses may mclude at least one pulse having
less than about picoseconds, Co esponrclh g puls€ power densites in

th@lﬁﬂ@é@ﬁ@i@ﬁ?@mbmwwmmdhéfhamm@my\ﬂummnclude
the taraRtite ST iidiRg 3R & WANE'GRIPLRE qBOgFga&é é]}%ﬁ@ﬁ%ﬂﬁ%- pulse

The power density of the focused pulses'is low enough to avoid t
unduEHigndegs Hap abawel B @senergy of all of the focused pulses is high
enough to remove the target link structure while also avoiding the
undesirable da e to O%]er link structures in the set of link structures.

The focused pulSCs FreliaerdPay s fidsswiichgs prsEYaseh Aidatcatiegp faving
or gnadserdaratiion pif@beatiome tangseodmhout 1 10micron to about 2
microns. The means for generating may include a master oscillator
and power amplifier (MOPA).

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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The system may further include means for controllably selecting at least a
portion of the amplified sequence of output pulses based on at least one
of 15 position and velocity information to synchronize the target link
structure and laser beam position during the relative motion. The means

for controllably sejg t%%ﬁﬁﬂ%&ﬁgé%ﬂ%%@é%ﬁ%é R LRI BGe.

an electro-optic modu pacing between
substantially all immediately adjacent pulses of the sequence of laser

pulses may be at1gashe, RGN SEnpRE MEFL 65 EARKedA Y4t least one

selecting may reduce the repetition’rate to within a’range of about 20
1CHibes-apic RMPLIEE 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 m furtg r
include 25a comﬁggﬁﬁe }OBH%@gPiéﬁF{&T}?&EB‘(Sy&%}%ﬁfgb%lé ec%]\%ély,
the at least one nanosecond pulse to produce a pulse having a pulse

duration less thanr oot 10 B3armin wa;mgn%ﬁs?gléﬁ% m%yll;%%@ of about 1.3

g-switched microlaser or laser diode having a pulse duration of aljout one
nanpBetenabiout 1.55 pmosdumay thstbemindudesbiftingelasanyprelength of the

receiyp i i& IRnRe of YuRH GRllN TOMVIRG fRd |5 &REG-RREH WaVekpth to a

diode-pumped, solid-state laser. The diode-pumped, solid-state laser may
be A%l SEcTisiRIE waveledgthiaser may be an active or passive
mode-locked laser.

The step of generating may be carried out with a master oscillator and
power amplifier (MOPA).

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

to locations within the predetermined tolerance.

Still further in carrying out the above objects and other objects of the
present invention, 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, 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

-8-
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The seed laser may be a high-speed, semiconductor laser diode.

The means for optically amplifying may include at least one 10fiber-optic
amplifier. The fiber-optic amplifier may have a gain of about 30 dB.

The first predetermined wavelength may be in a range of about 1.3 ism to

abed duBStiar raadvOay Y TR nckdRa Yideianaty ShifelR 3f %é?% lified

laser wavelength of the amplified sequence of output pulses from the firs

prew&mm%ffmwﬂéﬁ@m‘(s & RSP duration desvitherahaveligpicoseconds,
Themmﬁaﬁfﬂsﬁtmﬁeﬁuﬁﬂnwyﬁﬁﬁe@@g%m@ﬁﬂm@ IbﬁW)’@ﬂP?to less
|
t

for optically a ing pnay include a power amplifier (MOPA). The
ol BB ABPBE Lt BB o e U RTERRortBH A elbaih of gbout 1.2

displrcensentiedsthEleuppwepulss o tecfotusedrpaete ig IO EHOIRIRAS void the

The 20system.may further include a high- d heam deflector to, direct
theugg%gufl Iﬁﬁlg%g‘%/gﬁbg;r[?otﬁga i,ﬁ&e,rﬁxhog%ﬁegﬁﬁ]gg?cuse pu @ﬁf& fhgpsh to
in Gamymmmtdmmwhiwakhawoidjﬂgt&l}eiklﬁdeqirﬂﬂetd?mag_e to other
inv: t ted 1 ructure circuif ..
e T O LET R ASEE IR B e

SUISBREER PAPCCERNBHAM 0fc18 B cavsesatercfer kinkepitehescininkangecafrabout 1

anghibR R4S ABBIR 20MRFBlis Structures adjacent the selected target link
structure is provided. The selected 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 pitehmeédassoiname g H MEHARIIMAYRE SRS power
focuseﬁéjlars ngt to the selected target link structure to remove the

sefected farget ik structure during motion of the substrate relative to 10

the laser output. The laser output has at least about 70 pulses.

Substantially all . idth less than ab 00 .

picoseconds _anﬁ%ﬁ%%?r?gﬁ?%%@eg %‘l(l)%v?\l/@,re denartiedif ‘%ﬂ%"ﬁi#alx §flggting at

led§R¥5oRRIDY 0 e 2mplifisdibeguenssnlioupunpuises dased orlectesst one of

targesiliBh SHYIOLIEiRSNAYSIERA O ARG e Ol lGeRird N5
e

: ertol%ﬁ g d laser
power density of the pulses is low enough to avoid th€ undesira 40
daPSAGPORIan SHENS the Hlative Bipiiese sThemenemfon shnaolahlyeeltating may
selacledbtenge: inlassusestoptiviilerinpAwIsNadhsMasesiRIg damage

to other link structures in the set of link structures. The laser output
provides for a relative energy process window of 30% or greater for link

pitches in a rangéempetmuspheiigroativeab cubstaniRIoN L R &R Phdjacent

apﬁhé@&df‘ﬂ% p&]ﬁ&ﬁieegf?f%ge\rlv&rﬁs%ssgg);co%naq Lfga}gtr %ISZI%rOSCCOHdS. 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.



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 a near infrared or visible wavelength.
The wavelength of the laser diode may be about 1.55 pm, the shifter

25may be a freqyeRGL4Pible %@%‘ﬂé'&quw&ﬂéa ‘?HEL%%@} U}E}ngffgg&é%aving

0.75 pm. . The shifter may be a frequency tripler and the s

waddiBlig e n e A bRIG ARgesroRd. The pulse width of
substantially all of the pulses may correspond to a duration wherein a

fluence threshold, for select?d target link structyre remoyal may be
substantially propSHIHRHBEHhS & FSSFSBP&STWSIF}B@@%W‘W&%W means
thefselgstieal Iip egaplifyinpiructure may be removed in a thermal manner.

The selected target link structure may be covered by one or more

overlying passivation layers, wherein the power density of one or more

pulses may 5 créhtesecthaserairsyduk 4 ibde grumpedncodid ety ilager.
passivation layers and may remove the one or more overlying passivation
layers and the selected target link structure. The removal of the one or

more overlying phB&idRsPRIBed avplidhuate lases anal dstdifibenlastuscillator.
may occur as a result of both thermo-mechanical stress and ablation.

10The one or more overl){ing passivation layers may be inorganic

passivation layersHaFh a5 IR SBGEETR arRRsy e mederaskad laser.
wavelengths, and wherein the pulse power densities may be less than

about 1012 W/cm2. Pulse width of at least one, of the pulses may

be in the range ﬁi%%‘iﬁfléﬁsﬁgq@%%&ﬂggw?i ﬂ?@*ﬁ%@ggﬂ%@é%ﬁ’@%ﬁ-

may have a dimension that is less than about 1.5 microns.

Focused laser o t inglude at least one.pulse focused to.a
non-round spot tﬁ%é{r%%}ésenoérg?%ﬁ% s&%pz%%ﬁlégfo@%egﬂgg? Srdest one

10 withherrrptelemplifiesrget link structure.

15

20

The fiber-optic amplifier may have a gain of about 30 dB.

The first predetermined wavelength may be in a range of about 1.3
pm to about 1.55 pm, and may further include a wavelength shifter to shift the laser
wavelength of the amplified sequence of output pulses from the first predetermined

wavelength to a near infrared or visible wavelength.

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.

-10-
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20The number of pulses and speed of the motion may cause a
displacement of the laser output to exceed a predetermlngd tolerance.
The method may further include deflecting the pulses to dlrectlthe pulses
to locations within the tolerance. The step of deflecting may be

carried out with %@%ﬂ%ﬁrﬁ@fi&d&\@ﬁ?@ﬁ% ?He%lﬁgv a%@ék%sd%{dc(ﬁhﬁhogeas

The method may further include spat ting at least one pulse 0

lasef BSRIRSERFARNERLigRy Aresthpd PARgBpNing Astelected tangen balnseacture of a

furdiesin chvei sedesiiygbbsiastintnahieastiapariciianie Aahes a iR iaBSirate,
to the S‘EF| cted éagr&et ILi)nk structure, to a second selected target link

striBURE ST BRYRTS PRTY eslyae Selpetd dangsk Lk Stgycture and thesypstrate, or

stelindf sipyeiyirey adjacee darseldaved witgenidlinedoses s@gfseﬁe&herhe selected
include optigally combining outputs of the |aser )
i T i T et e L
of 8eferEHnk/sEycames aesspaateditha lﬁldsmfskessahamﬂ;yxm(;l gﬁ%h?ggnethod
i 0 e about 70-200.
e et oot 1 M SRR T bl fture o

enEFBP Y Hifhislested gt linkespuriute dugingraeidon ofrthesubsirate i5Eive to
foatisasstrsaituPTheR¥GEpse A aatAopGH #Qg%%@éé{ '%B‘%neﬁauy all of

dirﬂlensi nina ran&e of about 0.1 micron to about O microns.

focusdd Taael G dse et et 190 Riroseconds andgerresponding

pulse power densities in the range of at least about 10° W/cm? to less than about 102
W/em? at the selected target link structure, and a wavelength of about 1.2 microns
or less. The power density of the pulses is low enough to avoid the undesirable
damage. Total energy of all of the pulses is high enough to remove the selected
target link structure while also avoiding the undesirable damage to other link
structures in the set of link structures. The laser output provides for a relative
energy process window of 30% or greater for link pitches in a range of about 1

micron to about 2 microns.

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

-11-
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1.0 micron. At least two immediately adjacent pulses of the laser output

may have 20 a temporal 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

spa Y [ r

P B e YRR G Rercoy the
targesldiptRdstarget fnk strupBImmayrbetpme wdds arthermakmanaer target link
25structure. The temporal spacing between substantially all
immediately adjacent pulses may be about 5 nanoseconds or greater.

The pulse power GBAhSRIgsted 49r8et Hnk struptEcomalb in 40 tedbygne or more
1013v¥YIging pAdsioass® i ) Seherain HEy powet enyglbF ionther masepilises may
few Spicoseconds. to less than about 50 picoseconds. . .Yet still
fartREHR BSOS hieoB LRI VTG DR BRI AIRB s dod may
invenatisnveathe ethe drofmee ovirty mgapgediliatiosiiagtrseand aheiroslidcted target link
fabrj n Wi t causing undesirable damage.to the
sub s BT TR ReBRNIE G SR MO AT RNEAROR g ana e
subssleateddangek lonkstmesure nayljacait ad ameswr g€ bhttk themmatemechanical stress
proyideghiifisymethod includes applying a focused 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 about 70 to 200

10 pulses. Substantipify %@foﬁh%&@s%&ﬁr‘s{ﬁgaﬂ%?@a%ﬂma%% 13y BROMbrganic

15

20

25

100 picoseconds and corresponding pulse power densities in the’range of

at 1BSTSNR[10R laxeTHhty RS abso e sdeesmp saneef Jiavinalstay avelengths, and

targehdireinsthe glule, powen deaviiengtiy Hellepiatom abdasI 0w paides

provide for a relative energy process window of 30% or greater for link

pitches in a range of about 1 to about 2 microns. The wavelength

may be less thanFaiissuy Bl ofrat Iease anketb£theindsesnayyhiby mathpuisgge of about
widglp (Pfs QS%ggp@blg%t 30 picoseconds and about 60 picoseconds. 20The
step of applying may be carried out with a semiconductor laser diode

having a wavelength in the range of about 1.0 ism to about 1.55 ism, at

least one fiber opfkeBtRYAS 1ash Rtblf 38hORS LAY RIS TS _Iltg%'%‘tthan about
e

shigs he wavelength of the diode to less than 1 micron.
wavelelt°8f the laser diode may be about 1.55 ism and the 25shifter
may be a frequency doubler and the shifted wavelength may be about

0.75 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.

-12-



10

15

20

25

The shifter may be a frequency tripler and the shifted wavelength may be
a visible wavelength. The pulse power densities may be in the
range of about 109 to about 1011 wiene. At least one of the pulses may
have a pulse width in the range of a few 5 picoseconds to less than about

50 picoseconds. e me oK RUISES SANIRSGA AT & RAUhe pulse

may cause a displacement of the laser outFut to exceed a predetermined

tole¥bthedaser SWRHOoHE R RRIHB of hakially spEERRs o e Tin seathed fmay. further
thejpiligRsSsQdaeatignarattiip o teiRiead e tHOSRAAIPRMIGRASS B¢ ected

be carried out with an acousto-optic device or an_electro-optic device.

Y et A@F K HTHCRIFyiify o SRAPRI I5iRAicHTERt dink StRYBjeeTsidDpfl of the
presgedibavangaink Syaiefiréer removing a target link structure of a circuit
fabricated on a substrate without causing undesirable damage to the
substrate, any 15 dielectric layers between the target link structure and

the substrate, or Tihkk stpiofiap ddgpoayttié eaaiegd blin kv trultipleslaser sources.
PrOYifieflea gkl P tHOtE dpdlas ShAIRIG BIGPUE Sr/hdaRr sources
some link structures In the set of link structures are sepdrated by a
ceritée-focornRONRiiGalgPathiess than 2 ism. 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 durfrit§ MeRIIPBRGRTaYLHBE Sfcdifiersnt tipase sadet deaghane of the
Thealrsebeté@uinanshigs o sbbridhpvisesesgidd@ntially 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 109
W/cm?2 to less thBheahmmiberQif2p\isesniAagt ihatiany §OHROO0Structure, 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 pulsestitctitbnerafube polsesray havetangegyiof abowsthmelwhiless.
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% orh§renesgyfisbpratialdyirtlh o4 b pulsap suaylbeidhonttd nJ or
abewiré Microns. The system further includes a positioning subsystem for
positioning the focused laser output onto the target link structure. The
wavelength may be less than about 800 nm. The laser subsystem may

include a semicoTlil/fioisesd seiasigpheiag prodiva\henoibféottas 6asdaving a
of %bogrtlsll(.)(r)1 %n to abou{, 1(955 mat least on fiba}r tic ar?Iifier, and at
least one waveﬁéﬁagrfﬁes ifRP YAt SR o8 ‘ﬁrﬂf‘ﬁ? Yiode to less

than 1.2 microns. The shifter may be is a frequency doubler and
the shifted Wavelﬁ%%@cﬁl@éf B?e‘? %85%19 hZz?y Gt dimension that is less than about

1.0 micron.

At least two immediately adjacent pulses of the laser output may have
a temporal 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
structure.
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10The shifter may be a frequency tripler and the shifted wavelength may
be a visible wavelength. The pulse power densities may be in the range of
about 109 to about 1011 \Ark 2. m At least one of the pulses may have a
pulse width in the range of a few picoseconds to less than about 50

picoseconds. 15 RARSCRNEL RGBS BPHARAly adjacent
cause a displaceﬁgn{%%ipt%%ﬁlgser 0 tﬁﬁ%ﬁexceeﬁlé p%edeterm‘?ﬁede y adjacen
toldtalse may e wheth HRNaseeeBds Rl aeatehigh-speed beam deflector to

direct the pulses to locations within the tolerance. The deflector may be an
acousto-optic deyice or an electro-optic 20device. The above

objects and othell BBRESE POXEH SENIHES AR e Fangs oot 10° to about

inveotiow areeadlilleapparenpiissmiby faVevdnmuetailgth deSORPEMZOLS a few
the best mode fo Car%?h out t% invention when taken in connection with
thePICRSIRRIS FhiF g@'%‘.’“é PESELBRIPTION OF THE

DRAWINGS These and other features, aspects, and advantages

ofthe present Inveron Wil hecome beller SYRISIBOr WL IRIRId 1S e

following description, appendéd claim -accompanyi rawings il
whefdhe presom anieersian;|a arethagrafiremoviimg) atprgeioinkf sirimsare 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, or link structures
adjacent to the target link structure is provided. The method includes applying a
focused 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
about 70 to 200 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 102 W/cm? at the target link structure, and
a wavelength of 1 micron or less. The pulses provide for a relative energy process

window of 30% or greater for link pitches in a range of about 1 to about 2 microns.

The wavelength may be less than about 800 nm. One of the pulses

may have a pulse width of between about 30 picoseconds and about 60 picoseconds.

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 pm and the

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

microns.
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processing system for link removal using at least one pulse in at least one
embodiment of the present invention; FIGURE Ib shows a block
diagram of a portion of the external modulator sub-system of Figure la
wherein a portion of an amplified pulse train is 10 controllably selected for

"on-the-fly" procegHaghdiNkSy be a frequbity Ripier Sift ?ﬁ*&%ﬁ'@ﬂ% Y
(not to scale), of a target I‘%nk irX aigw%(ﬁ%n%%ﬁ)owing,t&?way 0 exa?np , may
focuR&d Yasibleongyeleasth-target link structure during motion of the link

relative to a laser beam; FIGURES 2a-2b are block diagrams showing
some elements ogliS alternative solid-state laser subsystems, each

having a master oSSIBHER0Y podsasit BRI BIK FARERQT AR’ to about
includedwaneast leas emaloddispulses iy brvsehilianid™in the range of a few

5FICHEEG A Bl Jatiesh shguagrae anangement for

combining laser pulses or gener séquence of closely spaced pulses
using 20multiple lasers with delayed triggering; FIGURE 4 is a plot

showing an exampjg sipyiiatio 0 iting differential.thermal
properties of a link and the@n«?gmgggu @%%%@ r%qlmf%)%vee %geuﬁ)rlllk Withose @

dantigigemens ishedessy uspwitrenvocd lgrsdetariminaduialedancemFiseimethod
delayay further ifclrld B&l@&iﬁﬁ?@ﬁﬁﬁéglfét&?lté@gtﬁéprﬁgs%%gglﬁﬁ\githin the

relatignship between a heat atfected zone (HAZ), spot size, an
pitcfPlerance. o\ GURE sh illustrates, by way of example, material removal
with nanosecond pulses; 5FIGURE Sc is a graph illustrating, by way of

example, dependence of fl e threshold on laser pulse width and )
10 chows exempIar(ﬁgﬁI%tSR/ﬂﬁ%qfﬁﬂwoLgmﬁaqu@e%&FQWé?ﬁm device

cor@spoekittgotominldediveents of the present invention; FIGURE 5d is a
graph illustrating, by way of example, the 10 dependence of the

absorption coefficient of Silicon on wavelength and shows exemplary laser
wavelengths corr¥spstildifigtiecenvadipiensuofibatesebjéasemidosther objects

e e SREROBIAR SIS S LA SRR
fabricated on a substrate without causing undesirable damage to the substrate, 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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15 laser oscillator and a diode-pumped, solid-state laser amplifier is used

to amplify the output of the seed laser; FIGURE 6b 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 or microchip laser for
p.roéjfuﬂggtpl'crgf&‘ég%? BB%‘?J?% If?fc%r%m %CZS Is:tle%U er7 %171(1:1 s ablln%%l joning
diagrams showing additional design alternatives which may e Gcuhn an
emiibs)istent tsirthesiirenimgt the, &rised ilastn dingpworriguthetianaefdinkt stasture.
one of amplification, wavelength shifting, and "down counting" / "pulse
picking"; FIGURES 8a-8e are schematic diagrams showing details of 25
exemplary mastdi§starisREbTa2YbsIRfe ianakons 88AfMrations which
may be used in at least one embodiment of the present invention, wherein

a seed laser is ified wjth at least one fiber-optic amplifier to produce .
picosecond pulsilg% aeﬁ%}hﬁﬁﬁﬁlﬁﬂ’égﬁﬁwgﬁéﬁm%léﬁrﬁme having
pulsesvelength ifl Gid Ring: isfaabtar ki diagnamo odbolaskisbasad inesaaryne fiber
repail; enk pcludi [ ongd laser.system, and.further showin
e B R0 R R B R0 o e
10digdel tedpsatbagrdphmisrensrgy and relative process window versus

pitch which illustrate test results for link blowing with individual pulses

having 21 nanosecond and 9 nanosecond pulse widths, respectively;
FIGURES 1 la ahBeshifieranaapeis o feeaiiensn deutlpitand tho sbifted wavelength
10widpwvaveis s TFtahicrdiigh illustrate test results for link blowing with 50
pulse sets of 57 picosecond pulses and 35 picosecond pulses,

respectively; and FIGURES 12a and 12b are graphs of energy and
relative process Tiehifterenaydaambpreat priphs uid ehebhissat® 468tngth may
re%%lt§ ‘t%rﬂylrék“palogyég tK\/lt_h sets of 3_5 picosecond pulses at about 532
nanometer wave‘feng With 1 Etm pitch

The pulse power densities may be in the range of about 10° to about
10" W/cm’. At least one of the pulses may have a pulse width in the range of a few

picoseconds to less 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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processing system 100 for removal of an electrically conductive link 107
using 20 at least ongIPYs BYISRI4HOR 10 PeRiCPTES AR BigSe 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 thqepsasanl i'ﬁﬂ%?tif@ﬁﬁﬁ'éil%dﬁeﬂ,l%ﬂat ARy Rt present

of the invention may include a diode-pumped, solid-state laserin
sub XyySRiAm WLk Deseran DetstctRdertiaed ik segarria iy felisking description,
25winirend@ft dlaines paatestedmjpasangoachiange whbgelaser may be a
commercially available diode-pumped, solid-state (active or passive)
mode-locked laser, for instance. For operation at a preferred wavelength

Sthe output 103 of HEBREerta1B1 anblotie diifieshinshawvizigngtpdyiaptismal laser
shi (20 rgonie ge 1) for example from a near infrare
W&Eg%]%%ﬁt gy\%éi}ge?%% r@gr &?ﬁ%v%\l/)eﬁ%ﬁl&ha.tﬁ%ﬁ[gI%HSUPSU ?%H%I&Fa#:tyt one
of pErakedimgnhafdbrpreseniniavealianed 5 to a link 107, and the delivered
pulses may have a pre-determined pulse width and time interval between
pulses ("temporal_spacin 1 based on a physical property of at least one of
the link 107, subsﬁ%‘é@ﬂ%, lapsae?”diélé&ﬂ?g dipgramoaf arpprogerof the external
dielesstiolinyesitdSR e bERr € SRR BYSIEFOMEY HIeh gﬁlg@f%ﬁzﬁﬂ?@train is

jecti

con r optics, beam expansion, zoom gptics, and an o ve lens
1Ofor g%&‘%ﬁél%sfgeﬁtg r)‘?rdiﬁﬁggf%ﬁXinﬁ’fé’(ﬁ? Aliinksp7. Optional

external modulator sub-system 108 may be operated under computer

control to provid ry the power of the pulses. By, . .
way of exam&;,ﬁ%msﬁﬁﬁ nﬂ%"?%%é%%c@e& Fs“é’\g%foséﬁiﬁ&ﬁgé targetfink in
omitt &AWL dakrcrbawingh dylatycef Itxes)ple, Socumtehtabbr R0 H17 53aapet link
6,2%ﬁaﬁare%qri,%inaaoﬁr& fr nﬁje'rewﬁuél??%%md?ug e associated

drawings of the '471 patent) teach the use of a mo or'to provide a
pulse to irradiate a link on demand during relative motion of the link and

laser beam in a |FGURBEEING S¥e1®WBck dia raﬁﬁf%ffdm&g i SelBnts of
ystem 108 o

15 Plogk 'gg{géns&g&ﬁorti% of Eg)e external modulator sub-s i
Figlre 1a.1s Shown  WIRerair SPSYSLSt 5a6t iLaving pdnastenosciliaanang power
seleowpliffor (M6H2A%indhich inip bit idelbiive BEIADYEEMSHPSH R present
116 anddbg.laser beam ("on the fly”). The motion may be in three
dimensions:’ X motion 113, Y motion (not shown) of substrate 110 which is
generally mounted on a wafer stage, and Z axis motion of at least one

tical el t i | tem. Ref ' d
U Patont 28 KOG T L] O AL U 1 & St o

of tFEMREBg e RIIeTorpBeRpSRING GsiegnimyaTEtichms lprapaget s dorusing

20 postilarije mgéh@mﬁ{qemgdhﬁégéﬁﬁgeam 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 poSGUREadlaises htomsRowiiHpN af QRERIple 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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30signals 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 103. Hence, the generated pulses 103 may
have a controlled output repetition rate and temporal spacing when the
modulator (e.g. fieUROSN RIEAIBIIIR SR 10 Selpet BeahleRRIARRship
output pulse 104 that irradiates one or more links (or other microscope
stnBé‘Hi‘i‘“éj? phopabednd 19pticd i mrertizer itk #kTbeam delivery 5
system may be used to precisely position the beam waist at high speed
and to further opIGUREHle itletvacy, bf tha ot wsecpde tplitepudlsesoval with
Referring Figur Ic, exemplary pulsed laser output on target link 107
inclides two focused laser pulses 1042, each having an identical spot
size, corresponding to selected pulses 104. The distance 1043
Scorresponds to tHE RN Foral dgrapbabingdiepvbe wihefrxseple ddpgpdence

relatpy, i [ IS & relativ i f ink
width, o@%s%%%%?eg%qﬁgﬁg%é%%%rac%?r?s o%%??é’%?y é[n@é?oggct? iﬁg%gglg
linkawnd|| expppddimpitisep erfest spotpasspioding . Distarmden@ntdigplhcenret)
10%%\],%%%r.ally represents an effective dimension of the laser output,

C

which equals the laser spot size for perfect placement. As the temporal
pulse 15 spacing increases, the speed of relative motion increases, or

with finer link pitdFkRhtar 15 cangEP8p HRIHEY 11948 s 18Yr etleive it dBing
10CONRIAGIRIRN of the abfHRIsNes:icRnP 3tesiitnRPisalianRAAR/QAS Lhss

assigned to the assignee of the present invention and incorporated by

reférSHIARErBR! dBEIEEY aFRSTFEPRTSIAS dS apiabedisesieth< e drient

lasekeriRas to one or more links. The 20 optical sub-systems or variants,
which generally include a high-speed, single axis deflector, may be

incorporated withi beam deljyery system of Figure la as required.
Spectic rererent A EadE  BAUP THHRE SOOI B E R e & lae
corsespondinglsediansaf therdgsegpidal far Thrithe dicdessaapen eflittetate
'681] disclosure. Fyrther, the focused output may include a plurality of

15 AT A St RS HGCAR S5 SRR et BBy the
densityutlodmhinsianiassrFigure 17 of the disclosure illustrates a focused
pulse used as a "cleaning beam." Referring to Figure 2a, a block

diagram of addiﬂﬁg@' etails of o lternative solid-sta r
sub-system whic miégt;% iﬁ%ﬁd@g(%] gln %ﬁn o ?r‘nmen t%‘? t ger?tgrggeantlaser
invevhioystiasivberin A seéthiasartiguge, 2ostihtonticl) proshsoed laspulseale

30t5?_i¥5{i§1%§hiﬁ‘1“a‘s9}*t'§ﬁpsr&ﬁ& Al navngaHHicisrLERpigy suitable for

amplification
20 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-8¢ are schematic diagrams showing details of
25  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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with laser amplifier 212. The seed laser may be "free running" at a
predetermined rate or "gain switched" to produce pulses under computer
control. At least a portion of the pulse train is amplified to obtain the

necessary laser pulse energy to sever a memory redundancy link, for

ins : I el ink-& 1 ( mav
B e A At A5 PYGAEEe Fdond T s anc
opdR&iHIE RURAsH oA aRedulaiar for salerting dMIagshin the rated average
power. The operational considerations lead to an engineering tradeoff
between the enii‘%ﬁﬁ‘g?ge%iven pulse, the number of pulses, and the
repetition rate. | d%ﬂ\)@“&hgi?&?ﬂbﬂfﬂﬂ%;ﬁ??‘i:@%%?ﬁ@f fiystem,
scamgluding porpitosicontbelisin 3yddnny badcofiFalblymRRIessecawiteample
suitablﬁﬂrnné)n%tiltl%tlcl)[)?%angqemem 1081 (similar or identical to 108 of Figure

la) 1P processing o ik 8%?%“?&% motion between substrate 110

and the laser beam ("on the fly"), however prior to amplification 212 of the
pulse train to an vel for rocessing. A rdown counting.".

"divide down," orgmégcﬁég#ﬁzﬁt%g ay 15 be deed %%Hn{g%%%vg process
rep®iRNYT X655 | Riteh avhisiridhustrate bt esvdis ther divle el o inggrittu dredividual
belguistientenelitemiaiR Rbiranaesiasseadd Eﬂ%@&ﬂmﬂé_? r&&éﬁ%%,
repetition rate of pulse train 214, then R/n will be the repetition rate at the
output of the modulator 1081 when every n'th pulse is selected. If 214

represents a 50 FIGURESelTaiandhe16UiR gedphe sPeakigionMit 8RR process

KHz when n=1000. In at .20 least one embodiment, the pulse train

rer TN EE MR R 6B AR TSR AR G RERLE R G OO pubgolse et
overf & Telubsedpmirpilsengrl Bgyicobscnidepthsesetespestivelpeandith 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 ity WREad@d endpb2itiare graphs el eoitygin tordnediative ptocess
at 9 ARl 9500 AdiTHRR P ISR SRR AL Y G PO R f%gﬁ%%égofifr%%ﬁg%ng with
pulses may be selected. By way of example, output 103, of laser
am5itief é)ézl’%ﬁ?@?ﬁreléli?éi% BB nEvemates WavelsugbsvedieLtth pitch
from@m[sqmmtgﬁﬁ@m}g@ir which may then be selectively applied to
link 107, while providing a reduced input repetition rate and low average

input power for 30amplifier 212. If 214 represents a 100 MHz pulse train,

the spaciDg DANBEN NESCRIPIIOH OPUIREFTNGRETS VRSB M BR H)
nanoseconds. Throughput and repetition rate are generally related.
Preferably the amplifier output repetition rate will be sufficient to provide

rapid link procedivegviate s-doabép Sistean Alrtnesetlireapability, while limiting
the complexity of system position and/or velocity control. Preferably, the

three exemplary pairs at 103,106 at the amplifier output may be 5 applied

to as many as tl?r%@%%&lﬁlﬁerﬁrﬂ@ a@rinekrdiagramibitismating afpibrion of a
linkagecpiaseys tEafLE00 %f'i@ﬂié@%f%e@&)‘i@ﬂl# %%H&Qcﬂ&%ﬁvﬁ?em using

laser. ener‘rh%yﬁ/ from links which are not to be processed.

defie R G SuP P lse P4 eng Aduicosasendraplsew isth (optidmse duration,
wgwel)al@tﬂ] &hgteaﬂﬁsdstﬂmed/dnelﬁmtﬁmﬁt%ﬁhﬁdﬂéaw Hﬁﬁo?%?gtem
1 t r, or.compati wavelength range of amplifier
e B R P T R R e sty v
us@larshensrameerimpma s thitvsutionyseeninthRlécr diodtqilingéte sotikstate
PUisR (eTP LBl SRAGIN0187d BNEIGYlEYe Hﬁérﬁ%‘ig@” %tl?lsgse PRy BVl pulse
specific de3|?n, criteria_of a particular application.

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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15Referring to Figure 3, yet another alternative arrangement for

combining laser pulses or generating a sequence of closely spaced pulses
using multiple lasers with delayed triggering is shown. A pre-determined

delay (e.g., t1 to t2) between trigger pulses may determine the time

interval et applicalon oh aplualy.h RulsEs TRS COMBINER S UPHTAYem 101
provide seé puls%s or an optica ampli ier. For ex mple, two or more

pulsesy (be shiftaskinfyaiclengihdy loptinnad shiflevdPfirlk.g07 Irwenonic generator)
argHOeMRPIS YRS HeadiktrRray Waving s@nsd ofsibR e aiPUWeR elength.

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 25 20040difigleHue84) prsanep crpdises ialsrepcelbaediamddelivered

igned ' fth ti tion, the |
p T U, T T
tentjmeanspraalrtgtednlpatks 302npaalspacigg)bassddios prysital property of
{ni d opti | lifier 304 ise th rqy level
conER P BT S0P UG /SRR A g e
120 ek21H30 W@nﬂﬁb&hi dﬂimrﬁsyst.emadaiytihmhidd:gbalhﬁzation control,
~ s R S HSETLA0L MASRIBRIRE A RPBEcing &

about 0.150 microns to 1.3-1.55 microns, the latter range corresponding to

10 gioBearkye diffaretiongthimited dspehigh-disked €lecoPPrionrlatsiesnah gnedulator

15

20

25

30

exaipie;stef |Q§Srr&_‘lﬁi}V%l§%ﬁ?diéﬁyméfe&ﬂﬁﬂ%ﬁwﬂﬁﬂﬁ@{fpﬂwmplﬁgﬁses on
or Raman shifted with shifter 5105 to a near IR, visible, or UV wavelength. .
o AT AR PR PRRBHBAMSES. B g 2hr I GRSEs i within

linkiipstgioapchdipaésesia0s they, binernitalilakepitloavyiealataaiess U.S.

<bOipuisesiA05 ey, beomliesi @k agitien vy me Lamars
cni RS B BT et sty P 33 and
reciiecasaniatedi d@\(’éi)gfl.eﬂﬂ.maf‘ﬁda[mtenz)etmhhhdasgmfamldmlfmlto provide
deRbul®) 193rPRAMA D HHR YR AAREHIARY 16 G R IRBHBE AP ARl and taser

position relative to the link in three dimensions - during control
mobEHTLIR A8 PHIGESINGISIECHT least one element 114, for example);
and (c) the heat affected zone (HAZ). Refer to Figure 5a with
link pitch 521 in the range of 3-5 microns, 15the theoretical minimum pitch

follows the formdRGIERBORigHEh L erchiriedigrram plapention of e external
0.5nhadkilivoeltbb)sysiene 106 BreFipateackbintina8aeR8A™ Sortion of a pulse
COQI%?IF rﬁg r}gq}g{gﬁlably selected for processing of links during relative motion
between substrate 110 and the laser beam (“on the fly”). The motion may be in
three dimensions: X motion 113, Y motion (not shown) of substrate 110 which is
generally mounted on a wafer stage, and Z axis motion 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

220-



For example, the GSI Lumonics Model M430 Memory Repair System,
manufactured by the assignee of the present invention, provides a typical

20 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

corrgo a e 1.4 mi S. Tk

e AR ARR S A4 AR o el e

of alsadtiemnnsediBagiag irhangteimranlater d¢ gbobie ansduiaiamk)8) is used to select
Howgikens a3 e iiCBRpRr QRENCS e HIN GRIRR O 8 mm@@h@@ {BF other

thermal diffusion length, thermal effects within the reﬂ:on of link 107 may

havdTHERSSERSSERFHIEN A IPAY RIFREGH STt this »ihimhebeamydelivery
5~ Begrienagitisbe Beditepregiselyqosifen HiBbdAks haistANKidR kSevd & to further

HAZ (Heat Affected Zone).5322.is a measure of the thermal effect. The
optimize fhe ctle 1 ?‘1 T .
heat- Hec ed zoneé eﬁWZ?I enara %MWéﬁsby (D*5,where Dis

thermal diffusion coefficient and the laser pulse width. The actual value for
the depth to whic rg}gl;?' I lten Qr vaporized depends also on the ..
actual energy an«?})owel?%g%nggt}yg ci)‘gil’t?u-:'e %%agﬁ‘gﬁepw,&fu ély%r%(%r%gt link 167
beydﬂdﬂﬁ@sfd@{spsefdcgp@ﬂ Smaﬂmhw/dr@@yaﬁeht havippean| mlemical spot size,
adjagstiPoifin R sb e &%éqaathﬁlgqgmﬁ@im%gﬁégg@ﬂaw@&%mpom

several times greater than the spot itself. The relative large enera

10 aenacing fstvesn dbes nulss T slvingaFriative reetiqietide. I distangecl643 is a

link pdguingy ra1atl ebctasa @ HL 1 ikvRRY, 3R 186 IRHMERT the fraction
factors to 15 the upper limit of the process window (neighboring links )
dam¥g&erey enCIOiG%FﬁrQ&iBﬂlﬂimﬁe%PBHBilﬁH&FaP Bt PROL POSAtioniRgDistance

(ﬁ.g(,o@.a_fs'{)lmﬁmlms)) ey @?%@Wﬁ;@maﬁﬁh&sﬁmw&ﬁe laser
the spot is proper sjitioned relative eli wever, if the

pOSi |o%|l|lw% %’o @%ﬁilga%éﬁe PIRESBOL MR %ﬁ@fff?ﬁbq%ge%e‘?‘; 2sfbidemporal pulse
15sub-sppasiomjrisreases), theisperdsorstatiecvinatiaf aicirgss, reovindnfieet gk pitch

NINShREHIRICBIEING 1B R 78R RARU dR TigtaRs A be

needed to deliver the laser' beam to a micron wicte link.”Assuming a
wavelength of 0.355 microns, and a 10 nanosecond (ns) pulse width, the

estimated HAZ is Bglishé SN PAR P APPHladoR 2665A 1698 assigned to the

processing links may correspond to about 1.9 micron pitch. Hence, a

shoASHERHE QWK PIEsEY UnertignAud insrporated bypefenensg hsecpuldescribes
widt@ﬁmgﬁmwéyamﬁesym@rwﬂdiﬂ@uw%pﬂk% 0B SHE links. The

20beco es.very small comgared to bea sizﬂg al]ﬁ( position errar, further

redytl r%g]a%hsél R e e PR e, Taliyeinglyticie high-spesdysipgle axis
(e.gdelflector simayahe positpomate) milyibehe heamndebessasystdmeof Figure 1a as

redycligds. Specific reference is made to Figures 19 and 20 of ‘581 and the
corresponding sections of the description for further information of 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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thermal effect from the nanosecond range to the picosecond range may
be sufficient to process the finer pitch links. 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

PitcRiiRsser AhiaRHanEeMithdbe l%@lsﬁﬁ%; B}ée‘f}m&ﬂ[ﬁg@ Gt R ermined

interaction generally occurs within a heat affected zone th

sum%llﬁ%&§wm%miﬂdﬂ\¢@‘!§fepﬂﬁﬁé gndernropiuHearkpatielatidd least a
PoSHipiionl dPentasErs WRHtSCIAIPIFA YotobAae HRI HEN Gl YIS R rgy

heat affected zone (HAZ) diameter of about 0.3 microns to about 1 micron

will e PR PPV Ge ARG dinky fo LRty Bt ARIEAD g ey el Whereiy the link
or lissseverete(algy, reiévedyilving Iessnglarpihe pocitioprgtielerasssdetdhon for
Iasg{agigg% fl & dlg}g S'O {ﬁsgg fgsseﬂ éh%a% jﬂelrsr?s'cégfr}?g'%; (%éﬂﬂme rated

direction, an genera Ry i consifierad neg
6,2RICHFRE, MOwEporkie dberatifnancenbidaratiosinbeaditts am enginetiringleradeoff

for Bafueeh fieabint dPalyiven BRE REPARE U hisdd g
col. 5, line 19 ela%(gr};ates n the effects decreasrnZ?Jr g?mﬁ‘;l/‘éﬁ}rﬁ etlgon rate.
coupling to target material. If the irradiance on a metal target structure

(e.g., aluminum) jg Gﬁéadﬁéﬁﬁh%ﬂ@%é&ﬁew/ %ﬁ‘ﬁlrﬁfﬁﬁ%\’fy Gldh® scale),

target structug ireduced and coupling of the laser energy is improve

Th&RYAHAROERASSFatted tman by genfeepblyelssted sifabisapesulator
pulseranigiimeAt 208hGitiiaeopidentiganey aly erdtigaseOap oY PRbedsRz of links

dIS te below the I|n nd.also he

o ERA0E B e S LR TP b0l Cramgpe 1y,
nmhpmaxemmeg ﬁmpllﬁwmal M@l(zfctlmnpuisb nann&eanrﬂlﬂtgﬁﬂémaﬁor link
be JpgE Iy C&WE gi r rems;on tor ink remova

|Ilug'?rat€ed F@ure 5b, a refm jely gr%i)e (\i/)o Uthe f r%%ﬁgrpéeﬁﬂﬁ/ lggeratlon may
he&f‘eﬂsaﬁmtébl agiepatinesrratearhitaser eoplifich 2i2gwirielt mayusionders of

drlﬁgm@%m %H‘ﬁf@ﬁ?&gf @gﬁefagéﬁd tionf%f leljnrlelAt fRi is the

fine scale the shape and volume of removed material may be irregu af an

inJERRILGTLFAS éfm&létdhgﬂ&wmtb@ﬁhmmwwga@ma itighoutput
peak heesUMEES msllmﬂéﬂ%mflﬁm 5‘&%@1&&9«1"“?@51%‘4@}&%@ a 50

ectjvity is reduced as a result

ﬂﬁf_?chelmmzatl(}gwhere tme

high tra® ErSHSR-Jen SPH oAWAr Pl be PO Kbz vdhempaiOR0. In at
?Nlteﬂmﬁlfhmiaﬁ ﬁlﬂ)ldsﬁitrﬁquﬂﬁlﬂgmw lfﬁ\ﬁde H‘an—mte er
ayer an rization.generally occurs, rapi ateria remova generally

be oélegér(n%%eaégemseggno '[}/rea S'X rERgELa Ras ’Fﬂ]lé?ﬁ:éhfosslecwd
mma!eeabraﬂmhmmenmmahamm mmmseﬁngamﬁuﬁbebn system

'ncrﬂﬂﬁtfmo‘ﬁk:ﬁfa%w&fgﬂ%ﬁg h}@x%?lﬁ'%%gyg r%glt 12 13 iitl?lreatlhar or both

ejection &solld and va o% The lin ova ss at the picCosecon
scAR®-rbP¥isendmaviche; @W@éﬁ%@‘!ﬁ‘hﬁ@(&frmmyem&rmaﬂyer 1091
and inner layer 1092 may be a mixture of removal with ablation and
thermo-mechanical sfress. Remaval.of the 10 target link structure is

generally assisted %&PWM‘?WEQH@%M@@%@V%% @yplurality of
ma:ﬂesr%lye]mdx-mmyfma elsetwdidttBaneagoufes damsey output 163 Wew 6f 1aser

lﬁ F Qws varlat n in flu nce thr Id fo exemplary

rlcemb'gltlgnh‘F&(&$ <80, Clgafenltl Egef%?%l& geted from pulse
pu%ﬁéh%ﬁ Dugétea. pauawércmmmemarmmemmm rapplidd aoi ko0, while
S'Q?O‘O'i'&lihg a reduced input repetition rate and low average input power for

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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15 pulse widths from 7 ns to 150 fs," APPL. P1-YS,, Lett., 64 (23), June

6, 1994, pp. 3071-3073. As is well known, the fluence threshold is

generally much lower for metals (e.g., ten times or more) as a result of the
higher free electron density. Below the breakdown point the threshold 501,
S0zRiEd TR el R Al SBrak LA VR0 AANE BURIIYABENRon rate
is generally relatively small;” In the 20 illustrated example (pro |dec? |tlh

the Wb ReraidficieatiForREyidsicarignlink (reesssiag satrs anse inuleg on demand”
whespasiliy2 whiRKeRiafRmRepRIALY 6P8pianh GriMlbR%Ate o Deldeit} 3Bntrol.
patggt% Agove the breakdown point, an approximate square root relation

hol GETHTATNC B IREFE SRR R WS abihs MPHERGRIPHS Sy be
theappliedecanchanybes. thied comanigvislialudseindddtivihmsieal tOvthe link

5 ool 15 e B b T ek el vy o

pulbiaksigiridb irendtan terpraomsednd, 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 30produces

reduced HAZ anbikeatisticaeRendsnbrponithe spestrahccipansernd i pplifiss 212,

of miﬁmﬁmm&ﬁ&m{ﬁaqwﬁ}hﬁ? E@%@@k&%&éﬁ%@%&ﬁﬁ%@ﬁ&? the seed

beéween tge laser pulse and the maferial is mainly a therma _
greatff ré ch@d)ap‘%%ggglgir@é fompatihlen wavmiensth rangerahamplifiest 212.
theMbodakiovsutpsjstemntbpreipdanly wivekig dhshient0SVBP e ui&ifalone or

present invention will generally proyide an efficient link removal 5 process
rathﬁer tﬁgﬁngtggv‘\‘/ léi{lcﬁ‘}nbs)f)s?tgié]ep%@g Sﬁﬁgatb‘i‘i:{ﬂ% tBB ! 2Bl55{stippral spacing
depiid, andegyidayely asnaprrepdeteofdependingnopoateysepificpddsiziocieth of a
of ?ﬁgfgﬁ}aggﬁﬁiégﬁ&{_eakdown 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 nrRHR RYISENIABIS yd0 %ﬁé@"&é@ﬁ?&a@&% bihent for

nanosecond (ns) and will generally determined by the one

allGAEBIBIE JANE RPLSES AL SERBKAHBL RS pRBeRT Rfvelasel ieadipulses using

ram tiydeniasony & linalbIRM @I PePRIF iR 165 A pletferdrmiied Wit e o, ¢
may pe indbe range 505 f about éO-lOQ s, for example 40-100 ps. A
most%e errg?pﬂ%%e\rlvpdlt%eig TA%h efgﬁﬁg%é%e&ff%dﬁg’i@b%a&%&%tm of a

Pspiirabiuofi pubseso dbimutdibbiqusoutput mayheréases soiBRSY Fifihan optical

ProgissasRic ses are typically.simpler, more reliable and stable,
and orgcgggggé%{&géaz%%r%rp%@éaP Ilsgﬁw{érsgﬁ%‘fﬂf BHLSeR) dnaifeed to
differendenls hoipleribatatiangsimemismaprbprasaiorferdeide$ae0sshtrol of the
ge{gﬁ{ﬁg&nl Riohpagk powenpises; 20Numerous references f t[1 r
elaborate oﬁﬁinte%cﬁog ?ﬁ E\:é%gfrgtg%%%sgﬁ I-lg:scé%re%(?ﬁl f)l?l%lé’r ﬁée%@QrMHz
exehiepiy eaRieko\PREsA At dmtosecond, Picosecond, and Nanosecond
Laser Ablation of Solids,” APPL. PHYS., A 63, 109-115, 1196 provides
theoretical back rouﬁ{%d ;@?d egﬁe imental results. Femtosecond pulses

e gfic d

were found to h chonfifienG fAPglicationcAwbjication 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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With picosecond pulses, ablation is accompanied with heat conduction

and formation of g fg&lltqga;agﬁ%{ikb{ﬂlﬁ?&@59%&0{(1'{‘%?%@1&%]%2% in a range

When heat conduction into the target is neglécted, 30(which ma

ratifdiabAw 84 38umigRena Yotheh ko misannthe deba Tasr eopregonding to diode
ablgfigp WaRiR i REE einiglEepaan RBbyRARAIBIEONED RicRERSARTMIe, the laser

pulses. However, processing in the nanosecond range has been generally

regARYSIERE IR be Seaeency nedtinlied (5 Restiipladh s Ramapsghifted with shifter
propesatiameadioriigi) of ¥iagevayesf melted material. SJandeleit

et al., "Picosecond Laser Ablation of Thin Copper Films,” APPL. PHYS., A

63, 117-121, 1996, disclosed results of ablation experiments wherein

holes were drilled_asdhPacapgter sfidimd oimk Redmilita using picosecond

pulses. Although high intensity picosecond pulses having pulse widths

greater than the characteristic pulse width of the breakdown point

generally follow tﬁéitbcﬁjtimdﬂf_ d@mi@ﬁdhﬂ_ﬁl@tﬁhmﬁbmmihmﬁeﬁfeﬁmiwh
zonen@y! IgvRndemeaphRIRUAE ARl h&%@gomy%mﬁwér@&?%Q%mov%ng a

material when compared to nanosecond and Ionger pulses. An intensity o

abdink 430 x0thoyy danrgingreatbet the substratgid hees adinnens tinke dnsrshown)

10 theayRIRAR)Y P W fhitedbouBsigNaleiR IRQ): 8R4 R PsntISERerand its focal

15

20

wavelength of 1.053 microns. Comparison of the results with the known

optfieRthi £b) Hhe, heamPasiHanBEAssPrCH e D s e s Renmaivaidpasitiondslative
congduhtiampeneiody daieisiones giaplatanoleatX-YhadidaemiBaxis motion

vargign o he maefcl emoyepmay be Sonieanl e g 21 tawevery, )

benefit of a pulse width from about 10-25 ps down to 20 below the

breakdown pointygtyRically; t%a{; R f t ignificant.

as compared to benefits p}gﬂ%e by&tlgé)@e rﬁg&s%%tﬁ slg(taﬂ ?eréﬁ %c%r? g%ﬂhcrons,
podio ey etica} TipiBvahiichiéliaw otherforsydaem capability. In addition,

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

cost of picosecond laser systems, particularly fiber laser based _
picosecontf B8R Fiteh iz Bsam Redips cb &atifoniea Bustanfbydink Yiddyer (D
structure, typically a metal thin film. The link is typically surrounded by
materials (e.q.. passivation layers 1091, 1092, substrate 110).having
disgv?rhnel grt ee%lr%% iﬁ%%i%%?%sgfti %%éss‘i?@ﬁfd&ﬁenﬁéh%{ terial
interaction mechanisms may be somewhat complex compared to material
processing interagti | hgmo us "bulk'ymaterial. tleast o .
dimension (e g, ﬁlﬁipvr\%%%%%’ty%%aﬁsiﬁ? eoglr(t::lserl\/?)1 aﬁwﬁﬁ@rﬁg\/{ﬁmgfy rifepalr
visibystemyumargiachieas byitth¢inssigneepifctiiequiswib gy entivis eroeidasg, typical
thesBacien S hsue P Y A6y, el FOGIRSHRAAIIP SPSHBIK Y163 rons. The

needs careful consideration béa designer of link processing equipment. In

at [BR4E3 RUISA IS ROPRE RidOr pBOsserRAn Aadecer trsnoRAfettichsat adfected
exaoefABEuUMESoNg 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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5or less, to achieve a smaller spot size on the link in connection with the
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 focuwill-geReraihtbealRiassnts fRr Hhe SR ensPRISHBaalble
such shorter wavelengths. For example, for a 1064 nm laser, the

difffadho M b diLpiensisasis- ARpreliptienilin dgpeentiginhddhynay
abatcansemiadlyibdifcmicrans fshtfiaction dixjted:spot size = (constant)
*wavelength*f number of the lens). When the wavelength is reduced to 0.8
micrpps, the diffraction limited spot size will be reduce . 20%
iyt S S e R R AR KA
fine pitch processing a spot size of less than about 1.5 microns is
Sprefereesd HaAYd (hhesst difefench Blgng) rivi@ran omiesssrel wiathe diutromk effect. The

em?@a@%@%&%é’%ﬁ(? (@f%i?[%t .%?Qri}g@et@nﬁ#l@dr p;zgglﬂsB‘”‘, WQJ}LeIf)?sQHe 1

elliptical spot produced witlT an arfamorphic o sub-system) may be
usediffssien chdfiPertemdipliesstionibov R0V 6788 1vaoe éxattrgtieptirio
Par%%ﬂﬁ‘ﬁnégﬁﬁ@%@é’éﬁso}@ 'ﬁr?z@d'liéniéﬁ%ﬁea W AHAORE QU gﬁ%c{%%er
improve energy enclosure within a link in at least one embodiment.
Matkrisitweridtiénge(e.q., variations, whether by design, by process defect,
or as a process by-product) may be encountered and are generally

10expected to furthge affechiie RIOLEssERETRY M&HQ@V&K%E $he RitchdRersely
decreased. The link may 25 be a metal (e.g., Al, Cu, Au, etc.), polysilicon,

or aeftaRIBP)eEAIFAA RSO HE ey 8RS BiliesIs NitsethsinNaefgoarea
mayrvRrihe iokeand adryeralesilicpmPiRsidadiBiar) 1923 Mae HAZ

separate the substrate 110 and link 107. However, in some cases the link

mayRefRbE Bakksry i BIRGHdrsagatrabiRtiBRhIRS techfedefisecase of
M PRHBE R0 RS WIThiA D 6 A0S HEAMR P EIISHE GIHC JRURI Sk Metbrs 1o

30generation dielectrics (e.g., low-k p.olémeric materials) may each have a

15suidbepal BREQ diF BReceistidaiprdpeiaibs arediekstessls. In a

wavelength range wherein the wavelength is greater than the absorption
edge of the dielactiitad91;1082 woddess thamn terahserpiion edge®.ofshe
substrate 110 substrate damage may easjly occur with, long laser pulses.
T o S LD B B P i Rt OB
acourdeaned withithapresdnk irientien, ithédassitoutig tolamele 5gthofvidhe
generally be below th sgrption edge of the subsirate.and hence
o S ety el R R AR
20waveleggithres tirpicall f@abloygk-the dbiabrpiiocsenge ot phe silielet tiholapeis
1091, 4092 which. n one example, may.be, inarganic, andauil oenerally
correspon 0 2 sulbstahtial y maximum transmitting
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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10 region, for typical inorganic passivation layers (e.g., SEN4, Si02, etc.)
used with present semiconductor memories. Referring to Figure
5d, typical variation in the absorption coefficient (e.g., at room
temperature) of Silicon, the absorption being very high at short

wavgleREINGAS SRENIhORRIBE BRI SHNETD INHIAIN RRNEGE Gy be sufficient

absorption and 15 shifts the near IR absorption edge to shorter

waJ8Idgasss pheifnet RiltBpbaks par&rtisplitadiss the opydse 4width down to
pubfishedet sl aneigdl 89 Qlitaneie s sdusifipR thRshiskRewViaP MR @Foided for

more materials to avoid.substrate damagg \Vith su%Br odifications a

I R e e e R R .

of link pitch. The shielding materials may be metals, refractory metals, 20

or dielectrics. Such modifications may also be used with.the present . . X
invention to fu rthg? RRET s p‘g@(’)@ﬁi’ﬁ&?m mventlﬂ?a%@&?ﬁﬁ& LTEWEH Hjgraction
pregemtralljeotioms witke aheataiffocstd mag tmtis subsgeifilbnidse thun Guinulative
umdaabout 1 % I may.be.in the UV ra

(e.0. 514, 212-525%%@% éﬁ?ﬁ%{f/&‘éﬁ}é% %%%@gﬁm%? %%?Blguﬁg{(re%ﬁve to the
51 ffaEgsh Stryotyiem Her insknree &patwifeqiedrane| B cdiametsn 2f about 0.3

abaticFs Soo4bomm Phﬁé%rﬁ@ﬁykénefﬁﬁy'b?@ﬂ&@ﬁ?%??@eﬁigw&ssing of link
absar tlo%\éarles ké}[/%about 1000:1 throughout the wavelength ran

A
prefd VBSOS 9hdSbe hrefrrablige SiABowilh h%lﬁﬁgﬁh% Q%Sdmﬁﬁioning

0.5®leancnof fheddsareutpuitimayeb didinioinesl Y 118 MAKUNIRACASR in each
Iay(ar.revc\ﬁtg\nsililcl‘,é)n Sn%?é rates, bot§1 a%sor tion 30and reflection increase at
shorter wave eng%?ls. veltRe r'i'ﬁ ! ﬁ)sof interest the Silicon
semiconductor properties change dramatically from near IR dielectric-like
properties to metgldikepprapegiiss i £ M\ range. For ilicon Djoxide apd .
Silicon Nitride, the internal transmis’silgn’ and gﬁ%‘f gﬁ%%:egl}éf%é%%nccg ZH rein,

sulsdehAtaly B e dationabe frobe me vbitbahdass sistRimnegelse SSpctifically,
5 tigg1S A IHe SUrYes B),rliﬁ@i?9'éﬁlﬂﬁaﬁ’@ﬁgﬂﬁﬂ’e‘yﬁﬁ%rﬁe@@%%@l?eﬂectivity to

generally show that the transmission decreases somewhat a

walBRENY UM Lo arectimpipniabs B the isradiamse prsTmetat @igsisiructure
TE@HNQUEM NG s raRarsisaian aeeatew&iﬁ/&ﬁv,%if’al&ﬁpﬁgif&%mget
(0)

Wa\s/t%%rﬁ%hs fgqre%}er ahan d0.18 Fﬂm. The absorption coefficient of both
silicon Nitride ARt SHcBR HEWRIE S RiatRE 1a35E RIS R 1 Waereusssibid hermal
rantjéfiisi#09 (reipmddogFbAZR feieriinsasiés tatd ¥q@ieeoot of pulfelidth. A

pr ] avelength is.below an absorption edge of the substrate,
e e e LR o kb PRt beow
wirliemeling ik atrechioyt sptehisting davdr{Hy e wlatera@068tiguous to the
(shallew depth of focus); (b) dielectric surface reflection; (c) beam

diffraction; (d) multiple 15 scattering (e.g., caused by dopants or

impurities); (e) internal reflection (which may vary with the focused laser

beam numerical gpaéuigk dHchbédas iRt TRE LAt Wi iﬂzﬁﬁ)rsegond

absog)tion within the microstructure (if the laser spot is properly positione
in MTSES AR REFECATHS  hrotica iri iR BPms PTseisioR o Fiokvermeyal. As
puidastratérbindfigirersbieasitativelyniaigeivolaarestthn@baPalipbeandted and
linkmaterigh £ ccur at a rate faster than that of the
substraté. The%{rigsg%tqej‘%ﬁ}r{g% i%?‘élg%v?ghr%%hn ee[ﬁeefgi}l G Joiver paavapor
intBFRSYTaARAHAS reonil llassremdintiom aresiateof thiedifiine scale thelshape and
ord@[dﬁ;@'&%ﬁd%%{ﬁ%m%&%éﬂﬁ%ﬂlg?'%df i WP ron® E;E@Sﬁl%'i'e%rge
cogpe_r links, the range of the peak enerdy density (Joules 1cmZ2j i

tatistical variation.” With picosecond high peak power pulses the interaction may

become non-linear, initially with avalanche ionization where the reflectivity is
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25 about 0.2 J/cm2 to 300 J/cm2, with a typical value in the range 2-80
J/cm2. The range of peak power density is about 5x109 W/cm2 to
1.2x1013 W/cm2, with a typical value in a range of 5 x101 - 2 x1012
W/cm2. For a 40 ps pulse width laser with a spot size of 1 micron, the

pUB‘?éﬁﬂ‘é‘éanEaQq%sﬁﬂfE (%))%Vcl)ﬁ@ qgéﬁ"ff’e@ %fem_oﬂgﬂﬁ}g?ﬁ IHé?é‘ié? ¥vgh decreased

generally In a range of 0.001 - 3"micro joules with a typical value a

rang8atical yariationic ¥ jdyich short pufsg ghealasen ruergis ds gepasmily confined
pulses manikelmradiadreapdrezAiodineefafinBechHSPaidifed MARMAYSemoval
the link thell&: oseconds laser Sééstem is.to generally provide a range of

abo BT8R REGIBGR DB BlACSea R qriRipuinistiy wiifh reguereipsetdfluence to
SAn eitdtiapdaablatioge iMassidhaembeiltvimipicjseterd pulsesaigpufiirtic? include
micrgjoules, Preferably single pulse processing will.be implemented with ..

o bT Rl BT R r BERRR TEIOR OXCRRIEAT ot Solid and
confisaperfion e dinknerino¥ad pre@as at the picoseromdnivatiifontinftiiee with the

. . . e fink with
o RN AR R SR LT IRE U AL By ve o
nandjiEtBerenpd reangyiakswish ablapientand rheropameshanitalistresThRpniewal of the

102PPligrbte 1 ke be deristyPsaisinoly Fﬁ‘éhieréﬁ{di&‘r qurﬂyg%%essing

relative, motion in three-dimensions between the link and laser beam (
5-50TRRIRRBY B1atsEiat siestien at the pyise maddn aadRemesdensitresent

invention, about 15-20 pulses may be applied at a repetition rate of

10-100 MHz , each with abput 15 one-tenth_the energy required for

removal with a sin%YeWs%f KA a b LUIS S SRR ¥aBiEqM i fluence threshold

Embloditwerteenfpllaey ptiesentiwaritnsay. akke DEUPaenpNea #6956, 186 and the

clos ed.amplified. pulses, for instance, two.or more pulses each . .
it B e T R0 WAk o LR AR aSIO; with
15with mlkﬁﬁgi@MIfmrgq BusdShfay HePBeldiwd. nitbtco 64 (28Y, haduéatd®94, pp.
sub-5ypie3074)8 A Within i edawer %Héﬁﬁ%@%h?@&%ﬁﬁi@ﬁéﬂ@ig uch lower for
f In a multiple Lfflse

sub-system 108, or a.combination thereof.

prodBELIEN(E & A iaeh Oh JBEvELA 1ssburfcthe dughes ifreqiilestion density.
link Beldemﬁadaf@@lﬂb@@%ﬁ%@%%@lﬂmasﬁﬁ%ééiem@mﬁiﬁfﬂdﬁal but the

property (e.qg., differentjal thermal properties) of the link and surrounding

D AR K SOPIGURS AT ORRBL i BT Sepgll: Tn the
20exaritiisraiedronsipitdmovidizbivithenp niblishei @reriiaht MplRbAIESHE aries

of aA’gﬂnb SQQ,% d{ﬂfierl irrégzsg&stga&tﬁﬁ%% agmove the link without damaging .

the substrate by applying avo puldes HavingPR SRRy ONSAas strated in

showhs. 'ABemathni) tobevsithe brtekdesul i} ain eppioxinateag@asétoot relation

nan [ w'double blast” (e.g., two
pulsﬁezi)%ﬁvei%%%%?g?%?gy@g{%ﬁg#] i l@%‘l’é@ widdioy agparentc aricofacly at the

t" energy was" very imeresting.
TheBRSAAGte generally acts as a heat sink and cools down very
fast compared to the link. As shown in Figure 5a, the results indicated the
substrate 110 to stabilized to room temperature in only 10 to 20 ns. The

23\ink 107 (copper) feEBvaSIeRisdcRulss wisefthecbreal dosvgmairaf metals, may

diffenygiciell it ababpiansy (e Based0rs Takeswis, Se56ea)d Ridseorilince with
gen&rall alsc% clear debrtlﬁ at cut ﬂe ie., Jlnk remoyval) resulting in an

"opene resCi mvention, the typical laser pulse width is 1éss 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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Ay vwivoal)y it i My vt ritiivd vypyeavitiyg:- 1t W irwi vl iyt

spacing is desired, 10 a high-speed modulator arrangement may be used

10 SBAGEASRALE PRI RER AL AP LA 3Rl A S M)
repetition rate may be used to decrease the pulse temporal S cﬁwg, ra
secBIRFFSSSIGeAle lassiomtes vad B angertaan dhat phHihebreaikowmoint, and
pulgesfeealsly bmg@mqwgand@mr@m.range of about 40 ps to 100 ps

and spaced by 2-10 ns may be generated. By way of example, g-switched

15 microlasers may be used to provide pulse widths of a few

nanoseconds at dhepetitnniratanion ahld geAc 4y proltf UatdEidieni ek removal

: | ill be, N
5 SR R PGS AT A b igon cep,

10

15

20

25

30

modihishisonlycantdearder of edenpnessieersyieeultbopitnsesdnitals. Since
ey ) b ome
scaife Qs Fume i H GatRNAT H@é%{(dééﬁ%@gﬁé%@fﬁlﬁn%q%% oidth is

pulse shaping may be found in U.S.

(entitfsefotaisn Meplstiabdrpendonss Agmeinsin pulse iprefertstlthelsreddtit may be
invémntienrange of AT piOYSIEALPIPRLIIABITAY ?XR'H{%W}WEE% width is

applicatici[rl:g ulltrai ort #ulse\i,to various materials, Tor instance in the range
S t

of S0 TEMEsecd Q4 HESSEOTH Qs AN withgegrralbirdptsrariaed by the
lasbedsedfectsdyzmerallywatg tgillenctal Boal BB tWAdSE Ve Rk G GB etitfon will
Zhyshal, "%mﬂﬁ]ﬂ‘?bgf Lgse Pa]rémeters. and Material Properties on
Micro-'Drllﬁ% With FemtGsecond FAaLP PosRLlo legpiban bns A pelse width may
gsmmtssameﬁﬂimwpurﬂmm} ps} B8 e_ﬁm@nrefa@@g@;ﬁstj ng '%(;rg:@preferrcd
e Al ses.having preferred pulse widths

e e D 10 B A6 i o o o
25@%)I8ﬁger) than the 30breakdown point may provide for better coupling

of laser energy than nanosecond pulses. For example, pulses may be in

the range of aboyt 10 Ps to 100 ps, and most preferably in the range of
about 10 Ps to abBut#§ToPYsiemsuchs prsiuce pioesesensbpubespareTtypically
cosinlipigrof aecgyelvilbldonne! RABRES Al iﬁﬁ;@%&oé%&%g?gcg&gﬁare d to

m ly degraded as a result of ejected vapor/plasma/plume.
Ft?r%’%?%ﬁéﬁé%%é‘gﬁt b%%ﬁf‘ﬁ%’ii‘b@ ELRRCPIS SRRl cmertatiansef pittsatheimpression
offfiinkeartesggobu gartemnioned Uight peakrpoRes SMeegy window.

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 int_era;i(;tidﬁ“@?c;f_%lfiasréfi&fmcheﬁllﬂﬁ;{iaéhbdrpr@ceﬁsing_efhg&im in the
maynessignifiprulvcoifiesaRt WABH HHER sach with

temporal sggc%g_%of a{{ﬁ%st seve%ral 10 nqno%?éb%yrélzg%% Vggéi:’,],pﬁg&ogcond,
used TS LKt Ngngsseond ghages hblationcafsSodida, buAsof (RHEEASIA 63,

lad@PpiilSes ] $96h mroiacpulgRs AN &Bk&%&‘ﬂéﬂ“&dﬂ%%@ﬂ;ﬂ?%[ tlr?gsults.

p aving atime separation between individual pulses'to exp

o S S TS PR hesmah i Wt ke s Bscan be
pracedested ise Mﬂthwtavgmartlmt,eml. the @rﬁweéiﬁrwgé@aemaﬂg@ B:Rition
Tr S uminum with ps-pulse bursts at 1054 nm,"
A o B PR 3B krcabPeRatine ofhe blaon depth has
;éo‘&%&hrm&mmm@ndbmpubn Btferts. tONtnpcenéeniidAyiiges, ablation
infercdompumEdPiR B e R0 RAREEP AP ke AR IS NIGHG l%(%%rgx{iglin the

Sl%bstant' | dissipation of plasma/vapor/plume after application

high&5EalCh SHERS o BkERInd Wik heat exuduption iatogthéstatgentis mplected,
ZOW?_&\iAgr?M)ubel eefhihe N ORRROMREMHGHIOIRLPHIS A5 AN SO SEFHRITIYLSs the
applied for
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efficient coupling. In a related work, Lapczyna et al. [12] ablated
aluminum foil with multiple, mode-locked 1.2 ps pulses at 133 MHZ from a
1054 rim 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
SepMIaHaN-dERE RHIHRREAtG NSNS AIIYIBIRBIUMANNIYRLSHIGRIRCOr
"on_the fly" link processing. Figure 2 of [12] shows the total fluence

(enBRYF BRI SIa BURSEngieoond nsc B dsp Belifrg Sirgrdsdiag much

fluanse (RnipRQENIGTY BICES iR AI WD RIS &f MRATIRE.HYE R aSBree
The minimum energy range disclosed in [12], when scaled to typical spot
sizd¥HL Bt iBlowing, would be in the range of tens of nanojoules
and consistent with link blowing requirements. Further, when

spicosecond puls{eﬁdhhuilgmjgﬁimdwmtym@qmﬂnﬁnmwﬁmm

are lied to the K, ity, endent non- I| Jear.absor tion, far
mst‘&i npc?ef}vSJI ih éle gbtn?&%r l%%; ((?rscg Seedr ad létcen tﬁ etlrgl)al enmems
attenuaten incichent en@ilipd aftehitheopple |ﬁ1mmwédearﬂlmausﬁegjpmesﬂamd
poss te 5 or collateral lin mage.. The presence o

s D7 BRI, HPSES B e B S et ece e
or \taflohmanamss;)dleéewtétmﬁytmbmmlGEmrﬁmag"eahsrbmbﬂnwrtmglme

more die ectrl%layelrs Furth caI ertl ofs ome, lo kdl lectrics

105 LSRR SaE SRS st PERCTAD Db
by henitinead mmtwnangeﬂmaebmmmma&mmde and longer
Solid- stat laser wav 08)[1?61@ 3 1.18, 053f or
1.08 S%lcr%rlt%evr\ll?tmﬂ mium ope Verﬁ aete Iasers la{ilg VA?&)

Nd ¢ibydd dovi \fie Ay eayeittoth ). m@ gartil elemahig(eagh, ydteshiulse @),
neod n] urrhl(Ng)1 (%r?lum Er)%do ed fibe sers Pref (rﬁﬁd aser

i
cle 1Cr arison , 0 sul nown o tlcal
wave eng may also econd, h|rd h an Armonics

150f thiesepanddopiiesfapppopridtSasecste mdhmmetmmh&pmﬂmnes genclrally

25

Iarqggefr%gls f etgaatgorrpge A e{deleare ign \i:)/n erl\z/iarolf a artlgulwefg |cat|on
For example, laser sourc ser aveleng St
rimifrgmbtheiphifecdmartagnic: E)GH{mmmmtﬂaeHMtlthmMmmelyamdaﬂlanm
from g%flttgalqlarmomc ’ailn the visible (e.g., 532 rim 20 from the second
harmonlc nea wavelengths (e.g., 700- 900 nm), which provide a spot

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

One such a lasdfesystéhn l@@ﬁhﬁ@ﬂé dseed g SepphbaiuiPaast feser to

209N %Q%FQBJ&%%PRB iPIRARCER RSB RIS ESH YN RUISS WidiRs. /i

picosecond range in t to 850 nm rangée. Another is the rare earth
e|emmmpédqubewfae@rqﬁé@agéwétea@sﬂwa\%rewgmuﬁn@németmmg

80052801 lovement FoXMPIAYARSE/RUP-SYRIRS Whigiumay he gldgd

in embodiments of the present |nvent|on wi now be described in more
det&imiesesarddapicaiisents Bmiralpondingaes Higuke lkoshod piappesesidilgser

aV%i@QlﬁsTbgﬂﬁtﬁé%Wlﬁ‘Bgr 1RGP ARESHIMATEs|RRkRd System may be

included external modulator system 108 30may be implemented to

deliver the selected pulses of 106 to link 107.
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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in a range for amplification) and (power) amplifier system is used to obtain

th i . i i .
cin gL e . i, SRR AR ARD Rieperping, he
seeftdeion 2f thefspiohenengy tbat cerlovedireitindhe dinkelivagngien needs careful
soligh3tale ARG ¥3C1HalRkEer'oP AU JraeiRY MREShAeH-SIHe 4ASeEst one

amplifier 603 may’be usedto ampigg/a;[he output of the seed laser. 10 )
OsEmbestiment thaJaser 3vavsleagiisdassimope missen sforpxample, & A microns

5 seegk fexteitoaldmiede |aiansl-systaine O Mayille idsashiectnt@ithee reduced
number of pulses on each link and the temporal spacing between the
pulgélfs.eAwr'ra(t) e-locked oscillator will generally operate at very high
repetition rates ( > 1 MHz) compared to conventional g-switched lasers.

The laser systemdnclude m include .the 15 modulator sub-syste
1081 of Figure 25 1% Lis o aiset AR K RO pRApBRIGIE o the
20-wagdiangihoanymeduchiominmirictsngthse dlove deobficialdowltleeduction of the

it el . Lok relativa
e U S HOHTRHE PR, GO, R AL YAERat) BBorger
10 confierdheianne M sieg  ush shasTan Havielsngds nBerexample- fon 8ifiep4 nm
to qEBHIYHO AP AREG BRI spBR B RLIBFANGRIRI P AT ﬁmﬁaﬁﬁaf}?gnearly,

with power amplifier 603. | An alternative configuration may include
a diepuRRRRAAThE o d-1h RUEF PR o SHETR AR e IRLER o$RAlafiFsT Jeapstant)
lasemaiZleAgdat iihantasesSyléelens)ay Wehepnbl URIRAIEHE® is reduced to 0.8

diode- d, solid-stat plifier 603 i iher-oQti lifi .
SRR L A PETCHL RS 160 A e ot el a
15 pulsedl, particalappresinahly Ofuisesoase Garindhd for k. fiateptosesing a spot

5,4Qigesgplegs?t%sg&,@qq55n%}£or%%9%§ﬁé§§'&VXAQ%SE%J BRI micron or

Femtolite and Wattlite series o , the assignee
'31¢&sandnet depsitenecTrndineas whths Drespas dnvemiirnvaReI EeEEd spot profile

poweizOf dnathiH SEbPHEBERANAR ISR AHAND ﬁ'&a@&wf Sub:3y480: b
micr%ijs hav V%:n a%%ieged with Yb-fiber am Iii?ield, emtolite-b%}l%sted)may ©

solite kel wheatsh theplicagone. 708240 dREGXRRigliedn particular,

20 (sepangraphinesic] 361Ut st how-4 R FiGHN Rk HaRIER draiBPiclosure
from IMRA. A ditior(I]FI informatiga‘élséjalso available in U.S. Patent No.

6,281t A KL GRS hne £a) 8Rthe present invention) and
International 5Published Patent Application WO 98/92050. Various
other solid-state I lifier corii urations.may be gda te(é far use in

at least one em bﬁr%‘é%?ﬁ%é‘%‘?e SERit INVETtion” ﬁg%aalﬂ/&’ax/ %‘ﬂﬁi‘e Ey process
tecHeksRigpIaay brovrsh byripsddiesthiniy featnpownesreshand pudggenerally expected

amplifigatian il P R PR RUNa MR MO LRER 1€ G0FHAIEP OF e AAW 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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fiber amplifier technology, provide high peak power outputs, Sand good

beapaaualitnithautdesiBbipRAMAR shifineertihe sesd wavelengih.
Also, planar waveguide amplifiers may be well suited for 15femtosecond
pul$E R HpRfErtion edge Rlot iR Ha b e B slaERegiAgRarAsily occur
illustiatiogeasiditimat details of an alternative laser sub-system wherein the
seed laser of Figure 2 is a picosecond laser diode 611 for producing
picosecond pulses.i own, The diode seed laser may be direcil
modulatect, S0ALIUERY e ShSdR MSaF e e LBl s sugh. I
snarosadaind it sksprdseahiavenfisrthee preceapedwavtiiendihavitisenayliera
0 H)rg(c)j uctgepellgsoosegg ngd el:'!lsfe 'tfhe(%ﬁbvs\”” b%nSJ‘l Hé’}{? Igo?rq(gr%n ett((;jl I:allhf%sorbing
example, in conrection ith igure g%t)e n ye? RROther
arrandglemefitcting seeddagkré&lidnnith beamactivegdr paspively-swiichied

microchip laser. Ap ex le.of a co ercially available 25 microlaser is
i e e S
examypdenid Qidoiidr gcaqnullgewidipoii2ananosenonty avaitalbietainamitting
repetition rate of 20. KHz. Frequenc oubleg versiQns also avajlab
Uil it i nain el vyt b e e ke

casaesmetitatoocmaynbaaresd to reduce the pulse width as shown in
more detail, for example, in connection with Figure 8b. A diode-pumped,

fiber laser ampliggr. 8¢ maisad © AmPIRm AHIRIREING SeadaRE

A preferred embodiment may include the diode laser as the seeder and a

fibelelasat sonplitionnerairinipiibeucchel ihsapilsesng sy Ihigéra:f,y&imtms
S maveavmihe ﬁgmnﬁtﬂﬁﬁg%spm&\%ﬁ%%ﬁéaﬁ%%ﬁﬁ&% Qﬁ@%s%kgﬁw A

control, high system reliability, ease in thermal imanagement, an

15maihihdhadedRopeiermion ©1S: PatbAtao!BIBELT PAHiWOMB/Z050
Ciecige RIS B Aol MARRIOFEHALS 1RONEA STAUENne e

PA) wherein a diode seed laser is amplified with a fiber amplifier. 10In
at |eglstiatse Veh bodinde ol eneRTpdT aos pedithgubb dake dadpge A thesuch

PulsERimaYde qanblied Ruegain switching, Ria-:e.adases b axamate.
as taught in U.S. Patent No. 6,281,471. High-speed pulsed laser designs

geriedamyontifZink-eichcAbel shaldingvietlsaals oran belapsdkeiolserativetals,
202108E QEIFRGEMSIRRHRR FIEMHSRIRN IR, 6 IselieRldimie GREUHRRRHMR.

diode module of Figure 6a) may be 15used provided output stability is
acceiphehRhens PREARERIIN®. 5,812,569 discloses an exemplary method of
stabilizing the output energy of a pulsed solid-state laser.

In accordance with the present 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
750-8 50 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 0.18 microns to about 0.55 microns. The lower limit may 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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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
wavelength 20 to shorter or longer wavelength depending on the process

reqiitgese e WRMGIeRetioonbiftion RbsenMe thigRderhnifdas ae v alknewn
and documented. Examples of the wavelength shifter include Raman

shiffisiesreerikh QB s e rass- bFcaBURPPEiSA VB 5 nUifetiligh o otibinty,

etc ki @Bl SaQNERR! REHIBMINGaNAMERSHEGAMb dhifthe 3Tk iaMEh
harmonic conversion of femtosecond Ti: S%%phire outputs 25

(FuriRarteREN AR SRINGRY Hhravehiott gacot Hiie a3 Mt rESURRsgsinSpectral
savailahle wiaKelenel terag b taas dhsibg Rk AfditienaleredHetshow
which include ultrafast frequency converters are offered by Coherent,

spdrdhisHIvRIgn ferirere. somevhaRard/Nny aerlengiires b Sapigek

diagrenpsodii siratingry srions: ey makive sootigHsatians whichumayisaivsed
within laser sub-system 101 are shown. In Figure 7a, a wavelength shifter

7098 s ehniittedn ey dertihtsaraiia e dhpiifgt. iFhthidbsaetone

seegdaReEnvavRiangtids RefdeampsNR @SORAR QRO RTPBNETR the
Hence, wavelength shifting is implemented to shift the output wavelength
10froritible &nsq (3300 prd andsrdniingensrsdiehsaHyd¥ethe power 5
amplifier. Examples of the wavelength shifter include Raman shifter,
frequency up cdifivier piedeetdmadveconieapsian bileguardyodetidoliedye etCthe
Figurg t7t% illystrates é/et an the[ con i?ur%titor{ wherein a re-ar lifier 702
is aﬁgpso%eed ctiveen e-se60 1aser s af]ue ang [?lo%erre élr%pliﬁ%r S %Bléo.cﬁ'srsie
prevandplifieng énenaléysadiplifiekdhteonutputadbaapicheagand Ghathlasepth

prior.ta 10 power.amplification such that the pulse er.is generally
pevie e S R e G O Sl el
150theragaiiabie @anplifted)y Bopieradal ynthe tipe:- aniplifiesl isfdsdoliliehicased.
Figure 7c illustrates yet a further configuration that.inclydes modulator 703
ciose ey B AR S B T el
dovunddgunte+lioeaisbdartismgatheraly nsed e thtthe pstitigotratps @y
different between the power amplifier and seed laser. ally, the
e BT B St B B e e P Bk e
ranpdsoftiMifize Elentrev@ensty anre sustabincatest satie khgepimitea pnkendteeal
20repreetltl(9vr%11r%§¥r(eaqulilllrr ik Nt foriNg Rﬁé’ﬁeﬁqé}mo?'g'grs%%‘é{ 2° I, (e range &f
a few to hundreds of KHz. Hence, the device operates as a
"doismdcuoeshieith arffpulsempigie (. ¢e . dpywsinyitak ontsingicahdottisefenad flator
subér% %%mhamhglpgﬁﬁ%? itch of Figures la and Ib). Preferably, as with
modulator sub-system 108, an optical switch is driven with control signals
based on position and/or velocity information and therefore synchronized
with other compBneres &t thectasdinktdessirg by stesronAhidsdmptsasple,
such i ARNNCOUAIRGingS ARVIGR.LAN e 38.RGAUSHERRYE MIBEUIAIGHY i

other high-speed optical sw'&tch. he device may bé usedalone or in

25cormbHBlGNKith McH0IdY 1080 satisekivgunenphesense BSGERvErddto
the&iﬂ}ge%"f 9@9@5&@7@ %Eﬁstﬁy ('r\élé'f)%ut_AS Yavelength SHkgr ﬂ%cma%fﬁ?a_ typical

disposed at the output a%shown In Figuyes 7a-c. “Referring to
Figliths 8had28gheatid blodikkdiaghyies il fstrathgirpdeturi@rlerstaith a

CONGTHGHOBS 1L RXGTRLASYI{R SREBY SIRBRT WV RLCEHMAYHREISRAIN0.5 micron

thick is generally in a range of 0.001 - 3 micro joules with a typical value at a range

30  of 0.02 - 1 micro joules.
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embodiments of the present invention are shown. By way of example, the
seed laser may be a commercially available semiconductor laser diode
and the amplifier system includes at least one fiber-optic amplifier, and
may include several stages of amplification. 5Figure 8a illustrates a seed

laser with a multisfgge %mﬂé%@g%pﬁﬁ]ﬁgu?gﬁﬂ% f?ﬂ){gtﬁ@&%ﬁqsrremove the

(oscillator) generates pulses of picosecond ion (10 ps -1 ns) with an

adjlisthb K @ singlecpiaeoieused deamoverths Hipkhedicesecondtolasso sysiem is to
or 10-MERApbavieR! &' Pihprayt hB¥er40- 30w dywied pritpist 4 KItFKHz - 120

repetition rate. Both pre-amplifier and power amplifier sta%es are 10

inclddda repetidom sate, PrRiersPIPIaTH flangfoife [G5sethan AR g microjoule to a
5 gengEthhamBiemiie phlles SHFORYABE SaRlepitepry@ssna eifdse tRnplemented

saturation in the, final fiber power amplifier 8112 (which may be a )
multY 4 G2 aRSPRLPY STRRMISE - FAREBHEINE: IfhIISFARcEe i afigeder/amplifier
conenfigdrivionesutewhthUFpnesdalevel in the range of about 5

microjoules to 50 microjoules, which is generally sufficient to remove the

15 link with a single pulse and compensate for losses within an optical

system. For an olmpurieveavsidimentaff the presentvineeiion, dopkiplipises may be
ge | . . i S )
o T P et AR AR A fast 0.001

10 confyeriRHes Mdrraignls< M necpulseatt adepetitine saisiahat ileesintidhtiz. The
20 punes Hﬁﬁéh'?&%éﬁﬁﬁt%%%@%ﬁ@&‘%@%iﬂ%ﬁ%ﬁ%%’r RHIRGEHRNA1 during

pulses 8211 shown, not to scale), Each of thegpéj ses may be in an energy

ranG&BVE- SRR Endehtimrnsions BRNEpRIde Jirkraf dptsheam (s8a 5-50
q-svﬂtﬁryeg mmg)lxsvraxﬁay.m uﬁem?s?maléﬁnaﬁtiue fieethrestindmventiohabout
tra ween the choices may be based on C n .
conGR RN Y 53 RS 0 D (G eT DL T St bout
15 the orsgenty die femargstaaquiradiSorcramerdhby itk eksieglectiolse, Twhiteitsesersing a
areﬁa ﬂ(ﬂ{%?l%{}ﬁﬂkt.’y 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 isolatoretofiHERS St s BRALR TRILRRINBACIS E¥lde a plurality of

30caused by back reflection. A polarizer 826 is generally used to maintain

the S ARREFIATIRL R RISt &% ISETF cHINGYRF RRFE-RIEPa3 GagY With about
Grasingsofftheorft2pyattaegtAcraBVRIgHgHd s peiivee ek Wik Rulsgle pulse.

i ABELEHSRT WHEHEh THDAOBAS) S5 PoRHA Ry R Ecuighn the fser

20 i
bansjteith Iiflatchetantal GnGdiitatditeubaiyeaisn d08\00e Heeiibimation thereof.

arrangement may be implemented with a Mach-Zehnder modulator as 827
wherein the nanosecond pulses are compressed to the picosecond range,

producing a pulsdnwighliipté pugpposiesatahe lemwrainpaciagnptifveztn the pulses
outRut P %Sﬁﬁ)iﬁgg ﬁl@rﬁlﬁhgﬂv He(ﬂ&ﬁ& @ X&i@l{é‘d%%@&’ %ﬁeaa%g-lﬂ%?rmined

compressed portions depicted by dashed’lines. In this case

82Physisal Rrepcabtie Endliffeential tegsamalaropgatiesd offiheclimk andwurrounding
25 detadadiascoRefeieipnepREerNaHiMelation 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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seed-amplifier and "pulse picker" configuration which may be included in

an embodiment of the invention. Overall, the configuration of Figure 8c 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 r§ xternal mad inl% shown)of Fi l%fz(%lt
b e S i

The Ysulséagheompaned) @ phealinloe ApshowmjnAdguse\ia, e srgulisiindicated the
gengaiv AR plified £€a&-ﬁ§>ﬂ Q@?H&ﬁ(}éﬂi’ééﬁﬂm@ﬁplﬁﬂsf 31 2bsiererierink 107

pulse repetition rate is reduced to the required final value by using a
suitdBRPPRBDGTREASFII0OW RS IO SIOW &0 inktisatiag o figaifieant, ditfegential hermal
5KHZ): TR Iiesdesh iSRS 2eE %&ﬁﬁ‘?ﬂ[&e will genEPRISSIR6ERar debris at

picosecond pulses 8281 ma]X then be amplified with additional stages.
Figur&t SesHcfivs Bt SPVE R SR RSN O 1ORE 51 e amplifier. As
described above, components may include isolators 831 to reduce the
noise level, a polgrizer 826 to maintaj polarization of the beam, and
Fiber 25 Bragg é(?at?%s? ?ﬁgp;nes’ v?/éa;)e engztﬁnfﬂ grgg) S%Sﬁlﬁtg% pﬁi‘ﬁe%:osecond
841 pilst 948 uned gthespating hetpredibsousedeiy épuliesief aheaysip8eiiilsarichin may
8421 resReivaiind hecliistiRgR Bk b | Afag is desi

ST BB SO B BRI iy s dse

amplifier.”"The second stage may bea

10amitighrnsesoamigarar ARERMeRIARIDRESAh th s¢lecs any agquengsed pulses
to C%Fg%@%f’ﬂiﬂé&%@%%f@”ﬁﬁﬂ H&i'}gpgﬁﬁﬁhgg@iﬁggbé‘ﬂge@fo decrease

noise (ASE) suppression (e.g., see U.S. Patent Nos. 5,818,630 and
5,408 IEROEI SRS INES OF do¢FenchIAeE AN e REavidahRtshaadaFigure 3.
bearoise RS at éoh sy eacioHhad K phie Wias-Riase argiest Mout 40 ps to
Fig 8c-8d may prodyce outputs in the range of tens - hundred )
mictriﬁﬁtﬁég i@%égrﬁyq%éfﬂypﬁﬂf%hfp%%%?ﬁ%ﬁe@&if’ﬁ%YcﬂBﬁ’ﬁﬂWi’é‘d.q‘swmhed
15 Methnd® ser s yatyniseobgbelive risrg viden pudstergidthsfiberaafeplifigisobeasads at a

Il Fi | f th hods of
o I R i S gpecond
in cOMIBAANGH Witnar{aspudtl bystaew(s. dorlensmsplstehe nesybotingmit thewn in
pU”}ﬂélﬁ'%tSB}QvﬁpfgﬁquT%ﬂQH@ﬁ F8LIRGH 8ALN8 ugﬁc@ertﬁ'e%%%%%g%e pulse

cleaved fiber ends 852. The amplifier output may be transmitte

simfiartBfcRicRecand Psrigefmlomen drxinppitisatinnrgy lamthes detailslselating to
20througipdta pudelsaaphey senoby e IARE: PARANNGISE814e and 4,483,005
possible apprgpriate combinatiogs of different types of laser sources for
see %ﬁ%@mﬁ%ﬁ%ﬁ?&ﬂ@?ﬁﬁ\éﬁe)iﬁ?ﬁ’l%?ﬁéﬁ?e@‘i&%ﬂgﬁ?‘?ﬁé UreRErsentinygntion.
of a particular application. Exemplary Fiber Laser Specification 15
In at least one e iment.a semiconductor seed laser dio ay be . .
used with one or‘rﬁtgg&g ﬁ)g P oDt aRTh }ﬁ%gg?}i—ﬁg 6@84‘5@%&@ éf‘earpﬁl%atlon
be ihlﬁmtemﬂ@b_@qu_wmﬁtﬂim,I‘ﬂ}flz'nﬂ_algm’atehcfhgawmf@ﬁmseconds
PulsEs, REREEIAE ANPIa IR HaYiRE AdiSTARe btgaglvl%rg]éggrgﬁlylfsgggligible,

Link processing at
25  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

30  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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20 a rate of up to about 150 KHz (150 KHz burst repetitio_n rate) is
preferred. A selectable pulse width is also desirable. Avallable.pulse
widths are preferably less than 100 picoseconds, for examp]e in a range
of about 30 picoseconds to 60 picoseconds, or shorter. Available single

[ icraqj ide. sufficient ener
e na e a0 anhe 1 B AP TR IR Y s o
targRRAB P ArPdutplita COUBHRS comsan| vih Iearsa pulprsisdazninssiosefl0-30

the RaticieEsnasants BORRERNYAIRECA YA NVIVUREES VAPBAPYasma/plume.
suit?ble em odjrgg%s, dependin&on the number of pjl?lses applied and

the tOEPER &G SHAFRADERSR AN RS HIRER] SRR SHaRATtlf-bak energy
bettehishdesiresdecdtighppotpss airapy qualbnof M2 = 1.1 provides for
nearly 30diffraction limited spot distributions. In at least one laser

diode-fiber amplifier embodiment the envelope shape and.duration may
be adjusted. For Heameplthoaginaaeeiahappicosezond|ppBeyithagrelsghivalent to a

- be. | tg increase the
B ISR LAY SRS S AT v

by M&da eslager M%M@@@i%mmmshgsamrmiﬁcmuy
diodefferent whelnaSsIiiaIAS61 HIRHS égl%rvbﬁﬁ%%?éﬂgpﬂ'E?g&ﬁ?ﬁadz\?la%geveral

output will be shifted to a ?horter visible or near IR wavelen

meRABPREGONRFORCERBRISES 1 d9edenbeS vHateRiNBsPssh Hadiskloses the use

gendralbyise ofi witrafigelafer paled, b?&mm]ﬁﬂ@e@tlﬁuﬂi@%rﬁiﬂﬁgﬁig{ggg%s than
I ding to diode laser wavelengths used in - .
e A e R A T B ACBREARD oG A GNAL AUl Expoit the

freqeesisignoe b edleeted, ﬁ@ﬁd)twfﬁamﬁsi&@ﬁ%%ﬁﬁi?ﬁ@ﬁ%@%ﬂ@ iE}LrSevious
isibl gth. The lafter 1.55 m wavelength ma

e B e s MRS O pparen

ma?laésa‘tiﬁmmmwmpn@mbmmrmﬂépmutﬂmmé lnaqf,Eo 2000,
gy b I j ot size suitable fqr .

ool o o T 3 e e G IROLREREY bR Hrarption

exémMpithya 08 ibéy %?)Hﬂ@Fngé?ﬂﬁdaﬁiDr%-wlayttlbtp?s:gdmlnaﬁabyeast) a
' i rlaser .

e o e s U e B A W OE idvion o

3?’%%?3 y@%%% BAWER M@mgpgnd pulse. An exemplary range is about 5 ns to

several hundred nanoseconds. Additional pulses may subsequently be applied for
efficient coupling.

In a related 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
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

link blowing, would be in the range of tens of nanojoules and consistent with link

blowing requirements.
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25repair 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

Cimonics:or ongi S PR DS SRR B ok Shall . o

toleHind@s Wiemparaserapplied tpthefinkioniensicniragsisaginon-linear absorption,
mickgaaRRingie daleuinaipto] GItRshethoARRiSARthaePlshaRy attenuate

applications, assigned to the assignee of the present invention, descripbe

nurSEY SopERt S Hemthe ik 15 ETmaverband AR FsiCs i BoSiibhy of substrate
U. SorRlldxabldk0dzbfagentiine présiedofighirfiesn(bor desigeriog as a process

S5Integrated-Circuit Cqonnection Paths by a.Phase Plate Adjusted Laser

e FREEh 8, Y BBSRb AL PR PR MBI GRS ei PSR i, nhance non-
Poditiearapsépptioatits6nd. dd .Mokadi¢lertficl Biyeta s, Buntiled dptcatgitiogerties of
Laser Pqlarization™: 104.U.S. Pat. No. 5,998,759, entitled "Laser

proumE AR Bt e BRY oo Siproted removal
LasdrnByetial bietioodliamar 8hsosptidnr Processing Target Material”; 6.

U.S. Pat. No. 6,340,806, entitled "Energy-Efficient Method and System for

Processing Target Material Using an Amplified,
. Pico second Laser Embodiments

Solid-state laser wavelengths may be 1.3, 1.18, 1.09, 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 (YDb),
neodymium (Nd), erbium (Er) ) doped fiber lasers. Preferred laser wavelengths
may also be the second, third, fourth, and fifth harmonics of these and other
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
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

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

may be implemented to deliver the selected pulses of 106 to link 107.
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15Wavelength-Shifted Pulse Train"; 7. U. S. Application Ser. No.

09/572,925, entitled "Method 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, Recember 202004, now U. S, Rat 6 :

Division of S.N. 09/572.925; 8. U.S. %at. No. 6,35&5 , Q%tit!fgﬁ'@gs]%r least one
Proc&BBmimendog. thes presenkidng:ntions v, sbavedr HiigweCdatrollih a MOPA
Laseoriigteation a pico.secﬁﬁfcﬁ&@a'ﬁﬁrf(@.@. ,t}%i@cﬁfﬁﬁﬁ ' ﬁ@ﬁﬁh f'?n ut 1n2 a range
present invention provides for processing of links, with pitch of less than

icr TR ARG WO S RLLL YR, AT SRR th pulse energy
Scompdquitgdf 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 Referoingdphagisiotaywhblododiggram iltustoatisnaiddidbnal details
nanqaenand lpk BIOERSSAGARRY KBTS ERRING D RS PR e 20 i
with the present %%ve'ntl%n maygb%eggg?ﬁéeeg%b@ f?\%@%ﬁﬂ%‘é@gﬁa@ﬁguw 2bis
proct 8ipdg-BysiBed, sokidnsisieslasssrapritatoradatis, showaddrtiodedpumped, solid-
Proceseingsticiifditier 603 ﬁg%&éﬁt'ﬂgw RY'tiE GAPIRRPHE QEd 1aser.

LASER MATERIALS PROCESSING, Chapter 19, p. 599, Laser Institute
1001 ARRSHHat9D692) mav Bs Adtedariaskad chiodsymimmpyde sekidsstate ageildator seed.

suit@lﬁeﬂilalsﬁmﬂﬂiﬂiﬁsﬁ-@rs@rﬁwtmdﬁﬁy _Bé?i%@_&f’tﬂ/écﬂﬂtgﬁtﬁ’é Eﬂﬁﬁﬁ{@&? 8fes on

to as the.'lgser ener rocess window'" Is typically used to characterize

i BT 0 T OB TaT SPAOATE Ry o5 e 860 fhofaogp Woked oscllaor
represéingeieealipfepiraginaingewyithighovemnitiay kavel thatlb®gg teopkbared to
link ly, E1O. sequent.links are blasted aj successively,
hig%@%@gﬁ%ﬁ—% g?ggactciﬁg%ss} sué‘gtﬁgfgrosryﬁ Sigh Hgilh & T4 éijgy ifclude the

15 E_hignodiﬂ@t@aﬁgbrwtmd@m@fd@i@meeuevgmmmmmﬁ 02 (eighen a typical
highesigensr popugeithph did e%@mg%ﬁ}ﬁb%?bgjif?éﬂ % Uil e 1 Kwnite

is the "energy window." Neighbor link and surroun e.g., underlyi
dielCLRGESSH LipksJuringmmatiemreb erlislorelativ o cheilagemisertanbieay case,
proahesisd fusemiéch. stk eFsuitable, may B PABKYEAVNEREIGYILy available
progess window is a Slnill| r figyre of merit. . .

ascr source) may include ah internal pre-amplifier to amplify the pulse energy to

20 asuitable range for power amplification with power amplifier 603.

An alternative configuration may include a diode-pumped, mode-
locked, picosecond fiber laser oscillator as a seed laser 602. An all fiber laser
system may be constructed if the diode—pﬁmped, solid-state amplifier 603 is a fiber-
optic amplifier.

25 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

30  wavelength in the range of 1.03-1.06 microns have been achieved with Yb-fiber
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15It is a dimensionless, normalized measure: Relative Energy Process
Window = (Alla - Elow) / (Eh,gh + The relative window therefore
provides a measure that reduces dependence on several factors,

including variability among laser systems and wafer 20 manufacturing

congitj in rb it] t u

rel%ﬁ@%ﬁ%ﬁi&%ﬁo&’%ﬁ g'rea@%lca?%%ﬁ ;nﬁg?}m%%d bro(&ga 3) and
grefieguenay mobiphics 4spronthhasuenio) eatpriok pidtdsemgisenlasersiate also
Prog@agiBR i MIMRHU!IX RAHGKH SRS RARERSIG SVRANI0 T VE'Y. PHREnt No.

time and over different production runs. 25 Test wafers were

maf#dbihfédIsHERedst dhfl d5igBeeI Afche pFerRL Y SRHRMY @Ak Abternational
fuseypihaibgienea plitatictbWioro8nebds9 pm). The fuses for this study

were approximately 0.35 pm wide and 0.4 p.m thick Al structures (1% Si,

0.5% Cu). The Al fuses were overcoated with 0.05 p.m thick 30TiN/Ti

layers and under¥asims voithea Sclid-statetHaslerT alaptifieh canfiyatationaymiay be
congitiad APRRLOHR P 3D ShBldimiSI8H 6] PBCI0Enion _Planar
metallization after a controlled oxide etching process PERSurE S TefBble
las@faragwdepredaedogy may |hervecHesldtedf faxpbighepesk thewsssstetort pulse

useghifiBeaiRsn) the/eXPesilantpyiR RvIRY A0FG181 75 URAGABPIRE" and

55” S@/stem. The 5 experimental system included a mode-locked solid

Re
statPRERZI32 berpsignsd fotas arsieges wfthensesrmtinyeatoanayd the apagiated
in acferasctsndisiobspeoiial beivegrideonspifiéyccRiNeeIdNe 2Milakigveguide

I tem output pulse widths were 57 ps, 35 ps, and 8 ps. Witha | |
cenSuBR hougitnetas cractlavatshinote dbec Amser Aecinplesyspeetide high
Thepdakepsityr pnatie(fantbgoed Seapejualith eviddienpuidedieablidR¥enAA shifting of

no | r yniform, and is a factor that may affect processing. The |

o UL S A A 55 R el
1.3%mtosaeend p8de rsapdifiersvafer stage was used, and the speed of the
stage relative to the laser pulses resulted in about 0.1 m or less

displacement of a link during the 50 pulses. If the duration of the burst is
somewhat less tR&ffaigo1higmeecohldck tiagramdbustsating B ditishahdetails
theosRRettGhaiRvE Bty RIRCESSING HePbiR XRMRIG 1ILP &ﬁ%ﬁggr?g aﬁ;éggecond

mm/sec ,%&is lacement of 0.1 m will occur in 1 microsecond, .
Jaseed f iP5 predneing gricaseqerd putsenriysbevowEbedindnseed laser
burahyl beadivecidytamahrateda few hundred nanoseconds or less for
example, it may not be possible to fit in an appropriate number of pulses
with appropriate inter-pulse 20 spacing for efficient link blowing. Durations
longer than aboutltemitivsigcahel diadebrsstilimag Belasiteth prsdavdnmibsecond
relati ' ing. a beam deflector that keeps the
beggn}é%ﬁﬁépﬁﬁ%ﬁégﬁgfgﬁ%ﬁem%&' S 1aser sysﬁem 0 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

-38-



Sindiaunave the advanageso

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 25 pulses were optimum for processing the test wafer at 1.064 micron

laser wavelength, and included consideration of the 0.1 m displacement or

less Ise e u

mult|Ia rflanos%%:on% ?2%%%%& WI srqa% %g%?}rﬁﬁ I-pI o?g%aérflid gmp lify the
rangeURNEefthesecdrtasftistrated in Figures 3010a, 10b, 1 la and 11b.
Nanosecond Single Pulse Processing Figures 10a and 10b display

the energy levels for each criteria, as well as the relative process window,

from experiments {hiBieSeredsatmdincay maR 9qhider thaldislertasse anibly seeder

The&(ﬁcﬁh%éasaieh%@lﬁwsﬁi%m%%éé&mgﬁeﬁp BINONAFiber laser systems
nanosecond | ulses onéercpulse link). Values for relative process

éﬁrﬁi‘%ﬁ%agmg%m pacheosigel, high
The $yisthre ndhabﬁllm;eemeugﬂlpmMSﬁmdm asadimiatdadibefree operation.

neighber PRk HNGagSR 9 iy %6'5@52@9?} %%é/% %%%%?(ﬁla%s%t%qs of master

Relative process 1 W|n ows were rangée

21n9%ilats, pesiseamplifiarad4OBAreherepsahdinde ceeh tasetidcaniplified with
and aSﬁggpgﬁ? ifdpmages for each structure are larger in the case of

21ns, than is the case with 9ns. That is because a longer pulse gives

more time for the heat generated by laser beam to diffuse W|th|n the Si

10substrate. A lowerpgakaspvi iBbEREReR IR AR HeS g-?é{fc'e of the

is 15 ?Iso con idered i?ﬁ Baqth effects are beneficial to av0|d|n

sub®afe 80 Q%fhéaﬁhﬂﬁ“?!}wgr REarssddasenarexampleises taught
causedtle B&lméi‘u Im,IZSib,rdeeHigb(Speédqb&rsgﬂdﬁsép@@ig&"geﬂéﬂgﬂz t%ﬂhze q-
not | a case of strate damage. Picosecond Pulse

o B I L S B L e o
procdddesd pitmpJecgiencal tHBCpuisd ©Epinipsindd 1&5&616 65PaaLI¢adY) may be

15 TheRelss fRaEg 36 Yleas?%?l -ak0§ ?a £ %tl %ﬂ?ig;/gﬁ% discloses

20

25

the pulsés was 20ns and the pulses ere app |ed or a
(burdt FREIPIALY MethedinEsirhilizing phes@ywemlawmtpuﬂmsm@em laser.
link
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 wavelength
to shorter or longer wavelength depending on the process requirement. Wavelength
shifting or conversion techniques are well known and documented. Examples 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
(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
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25 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 m or less.
Increasing the frequency (decreasing spacing between pulses) and/or
US'@HM?fWEﬁ?eWQWJg& Qﬂ?ﬂ&nﬁﬁgl&?ﬁ&t@ﬂe&eﬁ%% Ct Sé}gg laser
the number of pulses applied to a’link while maintaining small shifts of the
beARIShEmpHESTH dnifliskaspothn seed [RsrE sravelength is wo dagtsamsras that of
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improve]c%érom ata from nanosecond Taser pulsSes that were shown In
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Wh%(r)%ag tsrimgni%%rgg‘ggs of Iow.bou&dgs}#Elow! wege relatively moderate.
The Telative process WiRHGH IS RO A £9%; ﬂ&ﬁf@'improvement is

especially noticeable for fine pitch structures (1.35 pm and less pitched
structures). Comg g ithithe results 10.0f 21ns laser pulse processing .
(0.27 and 0.44), 6%/% az%@f Go’r‘f#ﬁ%%gé“rrﬁ%he s“r%“ﬁ E ?\%é’%% eéé’%ﬂa- plifier

werdadnidisnosed Priveaicthecsepitlaser tage prd posvar donplifier stage. The

re H f | . ’ e . . S '
o brecipiier gencrdly SHIRELS o DINHLSE WHRABEMTINIA FBF prior 1o
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tholyﬁ%l};r%ﬂ m ab%r faim@r%eocﬁ%ag%ﬁﬁn% Iitrﬁkd%ﬁr%%%%ﬁt]}lwgr%%g ﬁ@&%%er) '
e

th LR trmpldienisalse dives haseders. Although several

interaction mechanisms may occur at the picosecond scale, the results
suggest a smallgs. effective spot size was created by "thresholding.” The
effective 20 spc()i[ir lgﬁé%is%oﬁgfég?e%?tg e lﬁ?ﬁ%a‘i lguratiqa “that includes
theBegHkPE Pt imPaed amibm te pepot simplifitatiotionThéenettdhde.g., a
adinseRibRkERBIA0R 1187 edirad FPTRA A nanasecond laser.
puthes. High bounds of e;}?oce(gss %@%‘\}v&v@eﬁ{ ?Zl\l{gﬁnl iég%?%%%prl%%ge different
M

fptESRLite Rowen amplifies andieed lspralsH e lhanidiciepétition rate from a
prenedéingkee Sdeauiastials FAMRES Wiglerieah mﬁé@&ww%ﬁi ver, as a

ess efficient

Thresholding an the adjacent links was thought to be sligh
tharﬁsgqr?grsu %sﬁ%‘féaﬁ? tﬁ’é“é%@%% ths fepelition rateiraquisRIpens fotithe power

gamagtﬁﬁmimd treihigte haggai gﬁhm\loraﬁﬁﬁﬁc%ﬂﬁl%f/KHz. I_Hgf%@}?ﬂ’fe'@evice
i e jigh hounds,of the process windows were limited by

coﬁl%%%gsq;f #g)ﬂw%g Yailre %oé’é@sflnﬂ‘r‘fge as%sgo’f siylan ok ideptgal to the
3omoddporautney stpmapitapeitatsudtoiie)f Figoifee waid Ib9/aProeiallyOhs with
StiettiB R RILH? 35 - show that the substrate damage

coincides with tf&ga%@%r%agrg%é%.swmh 18 HS?HeW@éPS‘F% Ttshased on
waS T FeenwtRlacNoinformasionasadetbere foreheprchrqeriedentith other

STbmpof@ireof K@ PHSRISMP SREGRC W 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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5 bursts. The shorter wavelength has the advantage of smaller diffraction
limited spot size, but since the substrate absorption is dramatically
increased over IR wavelengths, it is difficult if not impossible to predict
suitable pulse characteristics based on IR test results. In these

eXp&ifoRiRnY@HPts pHIURE ifvhdanirosksopd ?#g%gj aﬁf%ﬁk%g B 32 taser
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functio .?f the number of pulses applied to 1 micron pitch links and 1.7

mic riblﬁﬂ'ﬁr‘?ks are illustrated in Figures 12a and 12b, respectively. At 1
micron link pitch, the high energy limit is bounded by neighbor 15

damage, whereas.at 1.7 micron link pitch, the high energy limit is bounded .
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abBLP%Y Bicsaltamat Ve the diedeictsiihe fradaatfs belmgemdraltidiess may be
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- lcm for picosecond prqcessing. The processing of some |i
R S T Nl bt oo, The
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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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20 and adjacent link damage. If the peak power is increased at the 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 Sﬁyﬁdﬂdﬂ%?'ﬂﬂg'ﬁéﬁxﬁ%‘ﬂl\éﬂﬁ@%@ﬂé&'iﬂ!ﬁﬁ?@wg CRAHRESG) 825
widths may also decrease the window as a result o S nel ﬁbor n
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theaqpulsiteddilaindbs appedximatehe 46 putaiies annphified dothet PEREEY 8271 are
th ' r i 7 ps pulse width. As in nangsecon )
el R S e
widih &his Gessdbe smplifien 2R issepefatedsas vhieltfinal requirdthectiediticaticat.
optimum pulse width may be determined by analyzing the failure modes
together to find the maximum process window. For the case of N=50 and

a 50 MHz modeJ08WEY feqthavs, defailtitnla faseomstinssionaof ons wtamative

thesegrbamblifier! aidhepRigeqscketindmigasativi oI Siiay P AR uded in an
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considering thesSe two failure es for mo
winBekPange of asesst dipderd2g asrammiltiplorofitiitéiall stquinkt espdiition rate

is censidenadt lepyl Impl ation into . .
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th& RPESHe ishsaatitsresnesalisamplified dende brabalsatD(ly) iwithounslifieh8 111,

nebéfpkeatropiiion SpétigoOrePRAEEHLIRd P K S HRIREFESS %qu_:ogv using a
re(gu%%g the %ﬂbstrat damage that occurs”wnr‘l‘ decreasing pulse WId¥hS

ndl Con easuHuier @&?%aﬁmyﬁqﬁigwsm PickeT dédlgctdr 0@ KHz).
eleldieoselpticd palse(53t828ptizarAdwiator) 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

25pulse affects Ehamel@wﬂqﬁeogwmmpﬂi?&s) 8281 maj'ntﬂérr]leﬁétaﬂbﬂﬁiﬁed with
e ' rocessi ry.fine pitch link structyres, the number of

B SRR O R T T A e
atfsERHAEhr AbAesstikedabovtinkompapeatpuise inbladdzetatdas831 to reduce the

achiséAeaS BOINGIRE 880 YS 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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In at least one embodiment, the repetition rate may be about 100 MHz or
greater, for instance in the range of 100 MHz to 500 MHz. At .suc.h higher
frequencies, a larger number of pulses will be delivered to a link in a
shorter period of time. However, the frequency should not be so high that
coulipgLeE£76! Q?éltﬁcaz U#P & fifPraghd &?e%-“?%é%t s%%%%%n%urgs 8¢-8d may
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. Exemplary Fiber Laser Specification

In at least one embodiment a semiconductor seed laser diode may be
used with one or more fiber optic amplifiers. The pulse repetition rate may be in
a range of about 60 MHz to 100 MHz, or greater. The number of pulses for
processing a single link may be adjustable to over 100 pulses. Link processing at
a rate of up to about 150 KHz (150 KHz burst repetition rate) is preferred. A
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.



5a set of link structures, at least some link structures in the set of link
structures 6being separated by a pitch of less than 2 m, the me_thod
comprising: 7generating a sequence of laser pulses at a re‘petit|on rate of
greater 8than about 1 MHz utilizing a seed laser having a first _
predetermined wavelength; 9optically amplifying at least a portion of the
sequence of laser pulses 10to obtain an amplified sequence of output

pulses; and 11de|10e’¥i@Wfd@é@ﬁr@qgslﬁﬁfoﬂmiﬁmmmb@ldé@qubﬂmeewelope
outpiibde USRS AR i%géﬁﬂ@ﬂ?tp&t&%ﬂ%l@,nzg d&ﬁil%tévﬁlm}l&neﬁt'%e with

substrate, 13substantially all output pulses of the amplified sequence o

outrRIRPAS AR AY Be PapdiceduurunbA shapemay e yselubte pcerase sheiprocess
5corresgghdirigdowlseTipvshastensdtios dizitidnananoe ?Ici_ahlﬁ@tat b?%bﬁwd%%?ing the

W/cm2 it than about 1012 W/cm2 at target 16Jink structure, and a

Wavgegé%g%%gi?é Cilcc):u 1% ?ﬁ)fg?rrg%lén&ctﬁe}ss, q%ﬁﬁf)ﬁ%?a %6 of 17the

focused pulses being low enough to avoid the undesirable damage, the

i ' move .
R e
othdelihiftad terahrterndsible or near IR wavelength. As mentioned earlier, a laser

10 wavelength within subsystem 101 will generally be in a range 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. The latter 1.55 pm wavelength may

15 be most preferred as diode and fiber technology for telecommunication may be
utilized. Frequency doubling will therefore produce a near IR wavelength of about
0.75 pm, and a corresponding spot size suitable for improved processing of very
fine pitch links.

20 A laser system having the exemplary laser diode-fiber amplifier
specifications may be produced by IPG Photonics Corp. of Oxford, MA or other
manufacturers of fiber laser systems.

. 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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20set of link structures, the focused pulses providing for a relative energy
process 21window of 30% or greater for link pitches in a range of about 1
micron to about 2 22microns. 12.The method of claim 1 wherein the step
of generating includes 2a step of pre-amplifying output of the seed laser to

PUSEAORIGH oY 'QPéthHﬁcgéﬁ% h :8“?2 HY AR gﬂst]gflt?a%c}wd patents

met od of claim 1 furthef comprising shiftirg eflrst 2pretetermine

wagbfenyiiished stnrdisationsclessigncdritr thatssignseoobpheatiyesent invention,
i iOnuktbrois xefeb@cfaﬁfe@uﬁblﬂaﬁbﬁr FONPHRAG R CARESLR

selecting, subsequent to the step of optically 'amplifying, 3at least a portion
of the amplified sequence of output pulses based on at least one of

4position and velodStyPafaND 2530007 ehtioRiEz € Mettad gl SYs @i ot BRvering
and laser 5beamh€’t8§}2{%% (&Lfrrcl:%% @en;l%lgﬂ)\{l Pa tgg%y a Phase Plate Adjusted Laser
beam”;
2. U.S. Pat. No. 6,144,118, entitled “High Speed Precision Positioning
Apparatus”;
U.S. Pat. No. 6,181,728, entitled “Controlling Laser Polarization”;
. U.S. Pat. No. 5,998,759, entitled “Laser Processing”;
5. U.S. Pat. No. 6,281,471, entitled “Energy Efficient, Laser-Based
Method and System for Processing Target Material”;
6. U.S. Pat. No. 6,340,806, entitled “Energy-Efficient Method and
System for Processing Target Material Using an Amplified,
Wavelength-Shifted Pulse Train”;
7. U.S. Application Ser. No. 09/572,925, entitled “Method and System
For Precisely Positioning A Waist of A Material-Processing Laser

—h-—

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;
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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synchronize the target link structure and laser beam position 5during the

relgty e RO tohfh G vRHaRd AL RN d N PRIGS RieAlYEnerating

includes Zgain switching the seed laser to provide a pulse on demand.
17.The method of claim 5 wherein temporal spacing between

2substantially allpﬁnmqg;ggelm%gmmges qh ther A RSO I8ET LASER

least 5 nanoseconds, and wherein the step of controllabl
pulses is at 3leas p qu‘{y erica

selMMFERI R FROGURSHMNRn Ndn Chapter Wihin atahgbBeadBstitits
15q200), ibwWisenoredhhsk aﬁ@ﬁaﬁgﬁswmrmam @eatg@mes@i‘t&@ﬁ@pﬂ%sa&rgles

2ingludes at le st one pulse havin uratio te‘[ than about 1
nar?ose at W eeF’elﬁg Egurlh fﬁ% %!Irﬁ?)g CIATSFSOEHEY Brocess
slicm'@dhw $ety$11c;aiky 4pad‘sﬁ>tohamdtecmealmksbidfmngg)erfmiﬁamkuraumyplcal
les g bRRAHEMUPaPSinks on a representative wafer beginning with a low energy
level that begins to cut links successfully, E,,. Subsequent links are blasted at

successively higher levels until a pulse causes substrate or neighbor link damage,
Ejign. The range between the lowest energy that blows a link and the highest energy
pulse that did not damage the substrate or neighboring link is the “energy window.”
Neighbor link and surrounding (e.g., underlying) dielectric damage are both
significant factors, of increasing importance for processing fine pitch structures.

The relative laser energy process window is a similar figure of merit.

It is a dimensionless, normalized measure:
Relative Energy Process Window = (Enign = Eiow) / (Byign + Ey,)

The relative window therefore provides a measure that reduces
dependence on several factors, including variability among laser systems and wafer
manufacturing conditions. Generally speaking, laser beam conditions that produce
a relative energy process window of greater than 30% and, more preferably, greater
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.

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
TiN/Ti layers and undercoated with a 0.02 pm thick Ti layer. A passivation layer,
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19.The method of claim 8 wherein the seed laser is a g-switched
2microlaser or laser diode having a pulse duration of about one

nanosecond. 110.The method of claim 8 wherein the step of compressing
or 2slicing is performed prior to the step of optically amplifying. 111.The

methadahelaimppyiigiely he saedl HegrisnihiadsiRupirase seislisiais

laser. 112.The method of claim 11 wherein the diode-pum

ed, solid-state
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seed laser is an active or 2passive mode-locked laser. 114.The method of
claim 1 whereinltheiseeetiasef i6x@elﬂihgbnfspeﬁﬂ sHsenicentluctpeiasar the
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aﬁs one’ ber tie ampI| ier.
experimental system included a mode-locked solid state laser at 1.064 micron

wavelength with a 50 MHz frequency, resulting in a 20 ns temporal spacing between
consecutive pulses. The available laser system output pulse widths were 57 ps, 35
ps, and 8 ps. With a series of N = 50 pulses the total duration (burst time) was 1
microsecond. The intensity profile (temporal shape) of the laser output could be
non-uniform or uniform, and is a factor that may affect processing. The laser pulses
were focused to a minimum l/e* spot size of approximately 1.35 um. The M450
precision wafer stage was used, and the speed of the stage relative to the laser pulses
resulted in about 0.1 pm or less displacement of a link during the 50 pulses. If the
duration of the burst is somewhat less than about 1 microsecond, it is not necessary
to slow the speed of on-the-fly processing. For example, with stage speed of 100
mm/sec, a displacement of 0.1 um will occur in 1 microsecond, and in 500
nanoseconds if the speed is increased to 200 mm/sec. However, if the burst
duration is too short, a few hundred nanoseconds or less for example, it may not be
possible to fit in an appropriate number of pulses with appropriate inter-pulse
spacing for efficient link blowing. Durations longer than about 1 microsecond can
be utilized if desired by slowing the relative stage/beam motion or by using a beam

deflector that keeps the beam over the link during the longer burst.

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 um 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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116.The method of claim 15 wherein the fiber-optic amplifier has 2a gain
of about 30 dB. 117.The method of claim 1 wherein the first
predetermined 2wavelength is in a range of about 1.3 m to apqut 1.55 m,
and further comprising 3shifting laser wavelength of the amplified
sequence of output pulses from the first predetermined wavelength to a
near Infrared or visible wavelength 118.The method of claim 1 wherein
the X2BRSEeond  alngie Pulse PLOCCSSHE with a master oscillator and power
amplifier (MOPA). 119.The method of claim 1 wherein the number of

output pulses 2 S of the relative motion cause a displacement of
thepoutgut pulse af "tf %‘%deplrﬁﬁélféﬂlﬁ}hgﬂ’ ferahdevels dor Rarhipritsaia, as

metreibaftib eeladnesivesssefadting mmm@meﬁtmﬂm%w% Wiaple IR

hin.th edet ned 5to nce. 120.A
s A AT RN o M6 AP THISE ke 930 capebilty using

fabrttrammgmb samswacadvidseupoisesiione npldsé plete litdnadeatadh €or relative

process windows are labeled and refer to the second Y-axis on the right hand side.

The high ends of laser energy process windows are limited by the
neighbor link damages throughout all the structures for both cases. Relative process
windows were ranged at 27 ~67% and 11~62% for 21ns and 9ns, respectively.
Laser energy gaps between the adjacent link and Si substrate damages for each
structure are larger in the case of 21ns, than is the case with 9ns. That is because
a longer pulse gives more time for the heat generated by laser beam to diffuse within
the Si substrate. A lower peak power of the pulse at the equivalent energy level is
also considered to help. Both effects are beneficial to avoiding Si substrate damage.
On the other hand, lower peak power of a 21ns pulse caused the adjacent link
damage to occur later than does a 9ns pulse, but not as significant as is the case of

Si substrate damage.

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 1psec 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 Hm or less. Increasing the frequency

(decreasing spacing between pulses) and/or using a deflector to compensate for
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3substrate, any dielectric layers between the target link structure and the
substrate, 4or link structures adjacent the target link structure, the target
link structure being in 5a set of link structures, at least some link

structures in the set of link structures 6being separated by a pitch of less

oture separ il
;h;@gr%gg?%agbs%gé@%ﬁe% a@g?fgl%é%@gé%fﬁ‘&é&‘%‘Pﬁﬁsé‘??ﬁpﬁé&Eo% link while

at a repetition rate of greater than
aboeintping rmalb shiftssel the e ek apspss e itk dyring evssianplication.
10means for optically amplifying at least a portion of the sequence of

11laser pulses to_obtain an amplified sequence of output pulses; and
12means for deliRR&ih Sa%%“?o%ﬁ?l Ry lstiidth shaw é!?ﬂgmrearg%%faéwaéows were

B R o A S o
abaugrifiozpittp secreasts] highespoddiofiensiey proesew HIOWIES, ) Mehereas the
ranﬁﬁr%];?ésleoﬁsfo%p%%%gg (\ﬁll{ﬁp]\%épelge atgr\}gﬂ' arrb18 ér%t%%z The relative process
window runs from 44 ~72% and the improvement is especially noticeable for fine
pitch structures (1.35 pm and less pitched structures). Compared with the results
of 21ns laser pulse processing (0.27 and 0.44), 63% and 43% improvements in
relative process window were achieved for the structures pitched at 1.0 pm and

1.35 pm, respectively.

In Figure 11a, it is interesting to see that the gaps between the
adjacent link and Si substrate damages became relatively closer than the data from
the cases of nanosecond laser pulse. This is because of the great improvement from
neighbor link damage levels, even though the major failure mode was still neighbor
link damage throughout the pitches as was the case of nanosecond lasers. Although
several interaction mechanisms may occur at the picosecond scale, the results
suggest a smaller effective spot size was created by “thresholding.” The effective
spot size is considered to be much smaller than the theoretical optical diffraction
limited spot size calculation. Therefore, the adjacent link damage was reduced
compared with nanosecond laser pulses. High 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.
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

(except for the 1 um pitched structure). In other words, data points for structures
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17W/cm2 at the target link structure, a wavelength of about 1.2 microns or
less, the 18power density of the focused pulses being low enough to avoid
the undesirable 19damage, the total energy of all of the fogused pulses
being high enough to remove 20the target link structure while also

avoigingih g IESsable Famage, i ﬂﬁl%%ﬁ&é&& C&uﬁ?gg,g; &9%@8@9 Wwith the

link structures, the focused pulses providing for a re atlve nerg
pro%@%h%%agi’so% or greater for link pitches in a range of a.bout 1
23micron to about 2 microns. 121.The system of claim 20 wherein the
means for gener%tl 0gh[2|nclude a master oscillator and Power amplifier

(MOPA). 122. Th&" BRI 8 Ll iRPSH R oM PPRIHG s ¥ith farshorter laser
2commﬂallgyhse[acﬁmgea¢)dpasmm@,r tﬁm @frﬁf@@mﬂ'lﬁg@t %@éﬂei@fplcosecond

nformation

3 o e R M b e S e tamated spo

theSi@anbutnﬁmcm shmevehstm@ nabmﬁwr tondratiahiyatisiebitigasedudesr IR

eithenRIbASRYSIPIRIGAR]Y l?JP{n%o%EEQS'&)CHr%dJ RS r&%iiulatfge characteristics

based on IR test results. In these experiments, various numbers of 35 picosecond

pulses separated by 20 nanoseconds were applied to target links as described above

10 except the wavelength was 532 nm and the motion stage was slowed to apply larger
numbers of pulses to the links.

Energy windows as a function of the number of pulses applied to 1
micron pitch links and 1.7 micron pitch links are illustrated in Figures 12a and 12b,
respectively. At 1 micron link pitch, the high energy limit is bounded by neighbor
15 damage, whereas at 1.7 micron link pitch, the high energy limit is bounded by
substrate damage. In both cases, however, peaks in the energy window are
observed in the range from about 70 pulses to about 200 pulses per link. This
illustrates that, especially for finer pitch structures and shorter laser wavelengths,

a relatively large number of pulses, e. g. 70 pulses or more, is desirable for reliable
20  link blowing.

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
25  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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123.The system of claim 22 wherein temporal spacing between
2substantially all immediately adjacent pulses of the sequence of laser
pulses is at 3least 5 nanoseconds, and wherein the means for
controllably selecting reduces the 4repetition rate to within a range of

about 20 KHz to 350 K eﬁZﬁuTﬁ@edﬁy(ﬁl(‘;éﬂa%%‘fgﬂmﬁ%m%%%l{g?g:%\gat energy,

modulator is a 2Mach-Zehnder modulato .The system .
whénaigrinbremayehat dscreasing nylss avidifidgengrably seanises ighermpaaly pulse

a PYSRAUrfiRre9EsaIRE tHaR AL Pedk FOPSLHRY indRAt e ERUh RS f substrate

system further comprises a compressor or pulse slicer to compress 4or

slicdamagse HrsfoffemeTe Rulssh &/ ith IRXET ERAISYLISE RBISK é@l&%&%@s may
haviiegGaipedse dptatize theeibay ahﬂdwOQ)ﬂ&hlé 3ﬁ1€h(ﬁlaﬁa§1%megédéﬁgwis too
25 wherein the seed laser is a g-switched 2microlaser, or laser, diode

et B B Bk Y RO QcHAL 2 FFI iR e occur t.
claitongsnpindse widih uip linkfstveingnpeyssoincomplete [10][11].

A pulse width may be in the range of up to about 100 ps, with 10-100
picoseconds being typically suitable. Generally, pulse widths on the order of about
1 picosecond or greater are advantageous due to laser cost and complexity concerns.
As noted above, good results have been obtained for some particular link and
substrate structures with pulse widths between 30 ps and 60 ps. In some
embodiments, a pulse width may be in the range of a few picoseconds to about 50
picoseconds. The power density of a pulse will generally be greater than 10° W/cm?
and may preferably be in a range of about 10" - 10'> W/ecm? for picosecond
processing. The processing of some link structures may be best with pulses having

power density somewhat greater than 10° W/cm?, and up to about 10" W/cm?.

Over a range of pulse widths, the maximum achievable process
energy window will generally be determined by a tradeoff between substrate damage
and adjacent link damage. If the peak power is increased at the 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
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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2or slicer is received by the means for optically amplifying. 128.The
system of claim 20 wherein the seed laser is 2diode-pumped, solid-state
laser. 129.The system of claim 28 wherein the diode-pumped, solid-state
2laser is a fiber laser oscillator. 130.The system of claim 20 wherein the

seefhips9rs SANGRY 2PRSHI BORCHOREP AR S DeTHRBYAGHE ke N

claim 20 whetrein the seed laser IS a high-speed, 2semico or laser

diogausedsuberaigsdamage claim 20 wherein the means for optically
2amplifying includes at least one fiber-optic amplifier. 133.The system of
claim 32 wherein_the fiber-optic amplifier has 2a gain of about 30 dB.

134.The system &Y Hiui?st) RS Hidierfin Pse s ARIaugr around the cut sites

was observed, but these cut sites appeared to be cleaner than cut sites processed with
a 57 ps pulse width. As in nanosecond laser pulse width cases, the splatter problem

using picosecond laser pulse widths increased with an increase of pulse width.

The theoretical optimum pulse width may be determined by analyzing
the failure modes together to find the maximum process window. For the case of
N=50 and a 50 MHz mode-locked frequency, and with a laser pulse width of 8 ps
the upper bound of the process window was limited by Si substrate damage. With
57 ps pulse width, the upper bound of the process window was limited by the
neighbor link damage. Results from 35 ps pulse width show moderate compromise
between Si substrate damage and neighbor link damage and the relative process
windows show the best results considering these two failure modes for most
structure with a process window range of about 57 ~ 74% for 1.0 ~2.0mm pitched
structures. This is considered to be an acceptable window for the implementation

into current production.

In accordance with at least one embodiment of the present invention,
increasing the number of pulses (N) in a burst with negligible position shift is
expected to 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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2wavelength is in a range of about 1.3 m to about 1.55 m, and further
comprising 3a wavelength shifter to shift the laser wavelength of the
amplified sequence of output 4pulses from the first predetermined
wavelength to a near Infrared or visible Swavelength. 135.The system of

claim 20 whereingihg weﬁéews&ﬁieﬁw&@@gegga g@%ﬁggpﬁlﬂ% MHz

and the means for optically amplifying include

(MOPgieates foreingianae wr dairnzs whHheAsiMAk forddR MHautAR paldbgher
2angegReRdesf 4alatye mpiiep 6|191Hﬁ§e§ Qiﬂ%‘&gﬁk@i‘éﬁf&*&%ﬂtﬁ'}ﬁ Q#Jﬁ%? period

to exceed a 3predetermined tolerance, and wherein the system further

corfpHEs HYRYEheth AisQurncycthauish netdireta Hehdhds sopplingsafenergy to

locatlimsivwddgrated islgiendeof Géctedneiporiisarphing taclonineksiaidelious
link sﬁructure of a 2circuit fabricated on a substrate without causing
undesitable damage to the substrate, 3any dielectric layers between the
selected target link structure and the substrate, or 4link structures

adjacent the selegieh iRl WHYEWE nllfiis 6F b%qsg%r%e}é.ggvely large, for
instance where the pulses are applied over a time interval of a greater than one
microsecond and up to a few microseconds, the motion of the stage relative to a link
may exceed an acceptable specification for spot placement. In at least one
embodiment, some of the laser pulses may need to be deflected during the burst to

compensate for the relative motion.

Various laser-based system configurations are shown and described
herein and may include visible and near-UV wavelengths. The short wavelengths
provide for further effective spot size reduction compared to IR lasers.

While embodiments of the invention have been illustrated and
described, it is not intended that these embodiments illustrate and describe all
possible forms of the invention. Rather, the words used in the specification 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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5structure being in a set of link structures, at least some link structures in
the set of 6link structures being separated by a pitch of less than 2 m, the
method comprising: 7applying a focused laser output to the selected
target link structure to 8remove the selected target link structure during

moWH Rirtiseé%%ﬁmrfggtive to 9the laser output, the laser output

having at least about 70 pulses, substantially all of 10the pulses having a
pulse width less than about 100 picoseconds and corresponding 11lpulse

1 Power densities ip the r%”&%eﬁ}ﬁ‘séﬁ%kﬁﬁﬁ%f%&%ﬁﬁ@ ié}é(‘;c??iﬂik%ructure of

about 1012 12W/cm2 at the selected target link structure, and a
2 wavefdreyih rbaisatadl onngicrehsiratsopitheut faysinee Ladesiraplsr damage to the

3 pulsgsshateddRyVdaedisi 1ayayoktiieedndesimicitdimadte kRO QiBitrate,
of all of the pulses being high enoueh to remove the selected 15targlet link

4 str K STAHE R AUAS AR 62T Fiunl SIENS i s darg ek fcture being in
5 16sirsettofdsnik stractetes| Wnkeasusiuie dirb stlasarres ijputhprest &N ¢idkr Sructures
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7 generating a sequence of laser pulses at a repetition rate of greater
8  than about 1 MHz utilizing a seed laser having a first predetermined wavelength;
9 optically amplifying at least a portion of the sequence of laser pulses

10 to obtain an amplified sequence of output pulses; and

11 delivering and focusing pulses of the amplified sequence of output

12 pulses onto the target link structure during relative motion of the substrate,

13 substantially all output pulses of the amplified sequence of output pulses having a

14 pulse duration less than about 100 picoseconds, corresponding pulse power densities

15 in the range of at least about 10° W/cm’ to less than about 10'> W/cm? at the target

16  link structure, and a wavelength of about 1.2 microns or less, the power density of

17 the focused pulses being low enough to avoid the undesirable damage, the total

18 energy of all of the focused pulses being high enough to remove the target link

19 structure while also avoiding the undesirable damage to other link structures in the

20 set of link structures, the focused pulses providing for a relative energy process

21 window of 30% or greater for link pitches in a 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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38.The method of claim 37 wherein the step of applying is 2carried out
with a semiconductor laser diode having a wavelength in the range of
3about 1.0 pm to about 1.55 m, at least one fiber optic amplifier, and at
least one 4wavelength shifter that shifts the wavelength of the diode to a

1 hear infrared or Qvisiblelxﬂg\{ﬁémt&fj&iﬁl;{ qefﬁp&g}o&%gm:% wherein

the wavelength of the laser 2diode is about 1.55 pm, the shiftér is a

2 frequency doubl&PTFiiaRl §ﬁ]%@8v§8@é?§ﬁ§ﬁht%t§ﬁéﬁf}?@f7@89ﬂly amplifying,
3 14G«TbasmeibribaotaeaapNier séqbsce bt eltPoiaes 8Rskd SHIRIgEANEne of

the shifted wavelength is a visible wavelength. 141.The method of claim

4 37 DAsdieha YRS RTBRDCR R SYRFROniRE IhihiBTSSI Uk HPRELpS fd laser

5 to dehmapsyiivnAigingtvesreibraohold 3for selected target link structure
removal is substantially proportional to the square 4root of the pulse width,

whereby the selected target link structure is removed in a 5thermal
1 manner. 5. The method of claim 1 further comprising:

2 controllably selecting, prior to the step of optically amplifying, at
3 least a portion of the sequence of laser pulses based on at least one of position and
4 velocity information to synchronize the target link structure and laser beam position
5

during the relative motion.

[

6. The method of claim 1 wherein the step of generating includes

2 gain switching the seed laser to provide a pulse on demand.

7. The method of claim 5 wherein temporal spacing between
substantially all immediately adjacent pulses of the sequence of laser pulses is at

least 5 nanoseconds, and wherein the step of controllably selecting reduces the

W e

repetition rate to within a range of about 20 KHz to 150 KHz.

8. The method of claim 1 wherein the sequence of laser pulses
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 ¥ R O R

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 q-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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142.The method of claim 37 wherein the selected target link 2structure is
covered by one or more overlying passivation layers, wherein the power
3density of one or more pulses creates a thermal shock to the one or
more overlying 4passivation layers and removes the one or more
overlying passivation layers and the 5selected target link structure, the
removal of the one or more overlying passivation 6layers and the selected

1 target link structu® occilihérigethod eeslaiaf batherelctiia dindednunped) solid-state
2 strgsspnd. ARl et H3ciifomethod of claim 42 wherein the one or more

overlying 2passivation layers are inorganic passivation layers having
absorption edges in a 3range of ultraviolet wavelengths, and wherein the

1 pulse power denggies arpdafistHoarofahau! LRher¥inasekd4aterisnethotve or

of claim 37 wherein pulse width of at least one 20of the pulses is in the
2 ran@@%Y%B&?Fé@C&‘ijdaé%ut 60 ps. 145.The method of claim 37 wherein

the focused laser output has
14.  The method of claim 1 wherein the seed laser is a high-speed,

2 semiconductor laser diode.

15. The method of claim 1 wherein the step of optically
2 amplifying is performed by at least one fiber-optic amplifier.

16.  The method of claim 15 wherein the fiber-optic amplifier has
2 a gain of about 30 dB.

1 17.  The method of claim 1 wherein the first predetermined
2 wavelength is in a range of about 1.3 pum to about 1.55 pm, and further comprising
3 shifting laser wavelength of the amplified sequence of output pulses from the first
4  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 AW 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,

-56-



O 00 3 O W A

10
11
12
13
14
15
16
17
18
19
20
21
22
23

A W AW N e

[

2a dimension that is less than about 1.5 microns. 146.The method of
claim 37 wherein focused laser output includes 2at least one pulse
focused to a non-round spot to improve energy enclosure of the 3focused
laser output within the selected target link structure. 147.The method of

Clogp it PRI UG Bl-0u ik RcEIRC o ARG MAUARERHE Baing in

displacement of the faser outputTo exceed a 3predetermined tolerance,

an@ WHeYE A StFHESS, fattifastcinms ek HBidripiihthe selQfslipkatagtures
thet{éiﬁg%%ﬁﬂrl%@fb?rhsp&{@ﬁiBﬂE@s@ﬁfﬁZ’@ﬁn}ﬂﬁ-?ﬂ@em%ﬂﬁrﬁﬁé@'m 47
wherein the step of deflecting is 2carried out with an acousto-optic device

or an electro-optedBYcIudieg Aeed lasrs JQSr SaRSFALER A SEALFRSG ARSI Pulses
2spatialypupiitng atledsirenemtise absne ladeHaUhut decipImRer Genig a first
3of spatially split pulses: and 4selectively directing at least one of the

spéﬂgﬁ t‘é‘ﬁﬂlﬁ: I%Be%v ?ge selected target link structure, to a second

selected target limeaisuictuioptioally bumiplifying at least a portion of the sequence of

laser pulses to obtain an amplified sequence of output pulses; and

means for delivering and focusing pulses of the amplified sequence
of output pulses onto the target link structure during motion of the substrate relative
to the link structure, substantially all pulses of the amplified sequence of output
pulses having a pulse duration less than about 100 picoseconds, 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, a wavelength of about 1.2 microns or less, the
power density of the focused pulses being low enough to avoid the undesirable
damage, the total energy of all of the focused pulses being high enough to remove
the target link structure while also avoiding the undesirable damage to other link
structures in the set of link structures, the focused pulses providing for a relative
energy process window of 30% or greater for link pitches in a range of about 1

micron to about 2 microns.

21.  The system of claim 20 wherein the means for generating

includes a master oscillator and power amplifier (MOPA).

22. The system of claim 20 further comprising means for
controllably selecting at least a portion of the amplified sequence of output pulses
based on at least one of position and velocity information to synchronize the target
link structure and laser beam position during the relative motion, wherein the means
for controllably selecting includes either an acousto-optic modulator or an

electro-optic modulator.

23.  The system of claim 22 wherein temporal spacing between

substantially all immediately adjacent pulses of the sequence of laser pulses is at
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60f the selected target link structures. 50.The method of claim 37 wherein
the step of applying is 2carried out with multiple laser sources, and
wherein the method further comprises 3optically combining outputs of the
laser sources into a common optical path. 151.The method of claim 50

3 Whelan S NG ABSElRAN! Gaa Wﬁe?éiﬁEgi%%ﬁl»'&yﬂ?%ﬁg&f&%@?&rﬁgﬁgﬁ%@s the

laser sources comprises a semiconductor laser

4 of denetitonFAtSrEtikinarrange SRS BB o 1A Kdte.153. The
method of claim 37 wherein at least one of the pulses has 2an energy of
about 5 nJ or less. 154.The method of claim 37 wherein the energy of

1 substantially 2all%F the hifse¥seabdth £iaHbrFhorKhersinTHe Haedylptor is a
2 claivtadl-Bétaiden trlidaased laser output

25.  The system of claim 20 wherein the sequence of laser pulses
includes at least one pulse having a pulse duration greater than about 1 nanosecond,
and wherein the system further comprises a compressor or pulse slicer to compress

or slice, respectively, the at least one nanosecond pulse to produce a pulse having

AW =

a pulse duration less than about 100 ps.

[

26.  The system of claim 25 wherein the seed laser is a q-switched

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

1 27.  The system of claim 25 wherein an output of the compressor

2 or slicer is received by the means for optically amplifying.

28. The system of claim 20 wherein the seed laser is
2 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.

-58-



2produces a heat affected zone having a dimension in a range of about
0.1 micron to 3about 0.85 microns. 156.The method of claim 37 wherein
the focused laser output has 2a dimension that is less than about 1.0
micron. 157.The method of claim 37, wherein at least two immediately

1 Zadjacent puses gt he asel Guipyt 1S 33 SAGRIR! ARANA0 DU AR has
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of about 2 3nandsecon out 0 hanosecon
corgpooiatpus 3hd¥ective 4repetition rate in the range of about 100
MHz to about 500 MHz, and wherein the 5temporal spacing exceeds a

time interval for dissipation of a vapor/plasma plume 6produced by a
previous laser pafée |nta’§cﬁ8ﬁ‘imtr?fh@?§§le3@£d"%§! IR StFstcRAcdetsrmined

thevﬁﬂl%ﬁﬁgﬂiliﬁﬁ @%ﬂgéﬂfﬁlﬁlﬂeﬂeﬂﬁﬂ f@@ﬂlk‘ﬂkﬁ [HalUAd ?\ﬁﬁh%f‘é’?m rising

method of cl m where tem Ci etween substantially

TR SO o AL S A S pepignce o outpu
pulses from the first predetermined wavelength to a near Infrared or visible

wavelength.

35.  The system of claim 20 wherein the means for generating
includes a master oscillator and the means for optically amplifying includes a power
amplifier (MOPA).

36.  The system of claim 20 wherein the number of output pulses
and speed of relative motion cause a displacement of the output pulses to exceed a
predetermined tolerance, and wherein the system further comprises a high-speed

beam deflector to direct the output pulses to locations within the tolerance.

37. A method of removing a selected target link structure of a
circuit fabricated on a substrate without causing undesirable damage to the substrate,
any dielectric layers between the selected target link structure and the substrate, or
link structures adjacent the selected target link structure, the selected target link
structure being in 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 pum, 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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159.The method of claim 37 wherein the pulse power densities are 2in the
range of about 109 to about 10 W/cm2, and wherein at least one pulse
has a 3pulse width in the range of a few picoseconds to less than about
50 picoseconds. 160.A method of removing a target link structure of a

circuit 2fabricated on a sybsirate withou ' i .
in IS T ACAR SsHlS, 2 50 e ARRARTTORS e
theeaetgstrptecess limndow ool 3% adjgreaten dan sinkrpisehipsintasangs, ehabout 1
meﬁngldoﬁqmg&ﬁipg:lﬁ%pming a focused laser output to the target link

structure to remove 6the target link structure during motion of the
substrate relative to the laser output, 7the laser output having about 70 to

200 pulses, subgigntialtprall géiisi petsaigifin BMosiRreifSehevisttp losupplying is

R ARSI IS R SOBb LA e of

targ@bx_luiﬂk. thmtwebal_ndlaS\ﬁlamlean@hsobﬁe_rﬁbconpﬁdasmliﬁerpambat le_ast one
PrOVSRRHOUAEP SHRORPSarSRACaN Al A UCHE RS or

S In &range 1201 abou
visible wavelength.

39.  The method of claim 38 wherein the wavelength of the laser
diode is about 1.55 pm, the shifter is a frequency doubler, and the shifted
wavelength is about 0.75 pm.

40.  The method of claim 38 wherein the shifter is a frequency

tripler and the shifted wavelength is a visible wavelength.

41. The method of claim 37 wherein the pulse width of
substantially all of the pulses corresponds to a duration wherein a fluence threshold
for 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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161.The method of claim 60, wherein the wavelength is less than 2about

800 nm, and wherein one of the pulses has a pulse width of between

about 30 3picoseconds and about 60 picoseconds. 162.The method of

claim 60 wherein the step of applying is 2carried out with a semiconductor

lasey. g I th | n f
3 1 Sehe oF (R WRESIED INHACHAR FTRCpct AE i less tan
4 shitbeuhd0¥nWtécmie wavelength of the diode to less than 1 micron.

163.The method of claim 62 wherein the wavelength of the laser 2diode is

about 1.55 pm and the shifter is a frequency doubler and the shifted

1 3wavelength is affbut 0. 7aemmetend of gleimnd hydisesanopwlng vyidth\of @t dpast one
2 theothifiepissaslieavtRoariE L J0epshotasbweseingth is a visible

wavelength. 165.The method of claim 60 wherein the pulse power
densities are 2in the range of about 109 to about 10 W/cm2, and wherein

1 at least one of théSpulsekhe method of claim 37 wherein the focused laser output has

2 a dimension that is less than about 1.5 microns.

1 46.  The method of claim 37 wherein focused laser output includes
2 atleast one pulse focused to a non-round spot to improve energy enclosure of the

focused laser output within the selected target link structure.

1 47.  The method of claim 37 wherein the number of pulses and
2 speed of the motion cause a displacement of the laser output to exceed a
3 predetermined tolerance, and wherein the method further comprises deflecting the
4  pulses to direct the pulses to locations within the tolerance.

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 U A WN =

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.

61-



3has a pulse width in the range of a few picoseconds to less than about
50 4picoseconds. 166.The method of claim 60 wherein the number of
pulses and 2speed of the motion cause a displacement of the laser output
to exceed a 3predetermined tolerance, and wherein the method further

1 comprises defleging th%ﬁ@%@ﬁ&?&?@ﬁlﬂh%@%@?&ﬂ lgaiiQes YihiRs are of

the tolerance. 167.The method of claim 60 wherein the step of deflecting
is Qtiffefent outewiand atderst ons-opthe dRser-L0BFoEH CIBIRFISS grReNsAREuctor laser

3 36%f%c§%stem for removing a target link structure of a circuit 4fabricated

on a substrate without causing undesirable damage to the substrate, any
5dielectric layers between the target link structure and the substrate, or

; link structures GagiacentflerarsaioiiasH BTt WiRrdie v geinbek Stipiiusds about

being in a set of link 7structures, at least some link structures in the set of
link”: ures being separated 8by a center-to-center spacing of less than
2 p.m, the system comprising: 9means including a laser subsystem and

p @n optical subsy%tfsa'm 1:o'i“he method of claim 37 wherein at least one of the pulses has

2
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an energy of about 5 nJ or less.

54.  The method of claim 37 wherein the energy of substantially

all of the pulses is about 1 nJ or more.

55.  The method of claim 37 wherein the focused laser output
produces a heat affected zone having a dimension in a range of about 0.1 micron to

about 0.85 microns.

56.  The method of claim 37 wherein the focused laser output has

a dimension that is less than about 1.0 micron.

57.  The method of claim 37, wherein at least two immediately
adjacent pulses of the laser output have a temporal 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, and wherein the
temporal spacing exceeds 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 structure.

58. The method of claim 57, wherein the temporal spacing
between substantially all immediately adjacent pulses is about 5 nanoseconds or

greater.
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10applying a focused laser output to the target link structure to remove the
target link 11structure during motion of the substrate relative to the laser

output, the laser output 12having at least about 70 pulses, substantially all
of the pulses having a pulse width 13less than about 100 picoseconds and

p corresponding pygse p%%;@@%ﬁf#@ﬁﬁ%ﬁfﬁé}gﬁ B{fﬁldf‘s% \ferSifles are

W/cm?2 to less than ab at the target link 15structure, and a
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e pulses being high enough to remove the target link
structure while also avoiding 18the undesirable damage to the other link

structures in the ggt of Nk USE e sy APPHIsA% & tivikliDaieta e refadiErcuit
energy process window of 30% or %r Iqul%é? itches inﬁgraﬂ%e o{
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applying a focused 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 having about 70 to 200 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 target link structure, and a wavelength of 1 micron or less, the pulses providing
for a relative energy process window of 30% or greater for link pitches in a range

of about 1 to about 2 microns.

61. The method of claim 60, wherein the wavelength is less than
about 800 nm, and wherein one of the pulses has a pulse width of between about 30

picoseconds and about 60 picoseconds.

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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2about 800 nm. 170.The system of claim 68 wherein the laser subsystem
comprises 2a semiconductor laser diode having a wavelength in the range
of about 1.0 pm to 3about 1.55 pm, at least one fiber optic amplifier, and
at least one wavelength shifter 4that shifts the wavelength of the diode to

less than 1.2 migrons. ﬁ,%%;[ghﬁgggp g@{gﬁgrgﬁivﬁﬁr%@s%%}f%nﬁﬁs are

frequency 2doubler an wavelength is about 0.75 microns.

e
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68 whereln the pulse power densities are 2in the range of about 109 to
abPifoserPNdsy/cm2, and wherein at least one of the pulses 3has a pulse

width in the range of a few picoseconds to less than about 50

4picoseconds. 174.The system of claim 68 We ein the number of pulses

and 2speed of tf@motidHG R4 8@&%& erE’Sf?H}eq}f:sgP%%’Fﬁu tBUFSeS and

exgpestiaof the motion cause a displacement of the laser output to exceed a
predetermined tolerance, and wherein the method further comprises deflecting the

pulses to direct the pulses to locations within the tolerance.

67. The method of claim 60 wherein the step of deflecting is

carried out with an acousto-optic device or an electro-optic device.

68. A 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, or link structures
adjacent the target link structure, the target link structure being in a set of link
structures, at least some link structures in the set of link structures being separated
by a center-to-center spacing of less than 2 um, the system comprising:

means including a laser subsystem and an optical subsystem for
applying a focused 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
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 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, the total energy of all of
the pulses being 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 providing for a relative energy process window of 30% or greater for link
pitches in a range of about 1 micron to about 2 microns; and

a positioning subsystem for positioning the focused laser output onto

the target link structure.
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3predetermined tolerance, and wherein the system further comprises a
high-speed 4beam deflector to direct the pulses to locations within the
tolerance. 175.The system of claim 74 wherein the deflector is an
2acousto-optic device or an electro-optic device.

69.  The system of claim 68 wherein the wavelength is less than

about 800 nm.

70.  The system of claim 68 wherein the laser subsystem comprises
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 1.2 microns.

71.  The system of claim 70 wherein the shifter is a frequency

doubler and the shifted wavelength is about 0.75 microns.

72.  The system of claim 70 wherein the shifter is a frequency

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

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

beam deflector to direct the pulses to locations within the tolerance.

75. The system of claim 74 wherein the deflector is an

acousto-optic device or an electro-optic device.
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