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reserves all copyright rights whatsoever. 37 CFR  ®G0000i*
1.71(d). Technical Field [0002] The present disclosure
relates to | aser processing systens and, in
particular, to |aser processing systenms having
capability to process increasing nunbers of target
structures for unit tinme. Background Information
[0003] Q@ switched di ode-punped solid state |asers are
w dely used in |aser processing systens. Laser
processi ng systens enpl oyed for single pulse

processi ng of dynam c random access nenory (DRAM and
simlar devices TANDENM BHOBENE AMBLIRIERed

di ode- punped solid state laser. In this inportant
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[ aser
processnng systems Laser processing systems employed for single pulse

‘processing of dynamic random access memory (DRAM) and similar devices
commonly use a Q-switched diode-pumped solid state laser. In this important
industrial application, a single laser pulse is commonly employed to sever a
conductive link structure. In another important industrial application, Q-switched
diode-pumped solid state lasers are employed to trim resistance values of discrete
and embedded components.

[0004] As demand continues for laser processing systems with the capability to
process increasing numbers of link structures for each unit time, alternative Iaser
technologies and alternative laser processing system architectures will be needed.
U.S. Patent Application Pub. No. US-2005-0067388, which is assigned to the
assignee of this patent application, describes one such laser technology in which
laser processing of conductive links on memory chips or other integrated circuit (IC)
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specially tailored intensity profile for better
processing quality and yield. [0005] U S. Patent
Application Pub. No. US-2005-0041976, which is
assigned to the assignee of this patent application,
describes a method of enploying a | aser processing
systemthat is capable of using nultiple |aser pulse
tenporal profiles to process sem conductor workpiece
structures on one or nore sem conductor wafers.
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power of a pulsed fiber MOPA enables achievement of higher peak power than the
peak power reproducible directly by a pulsed fiber MOPA without output degradation
resulting from nonlinear effects. Moreover, use of a diode-pumped solid state laser
achieves producing higher peak power and higher energy per pulse at the operating
pulse repetition frequency while substantially maintaining useful pulse output
characteristics generated by the pulsed fiber MOPA. Such useful characteristics
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2 Portl nd2-4553599 1. DOC 50001/ 150: 1 i ncl ude pul se
shape, pulse width, pulse anplitude stability, and
narrow spectral bandw dth. [0009] Additional aspects
and advantages wil|l be apparent fromthe foll ow ng
detail ed description of preferred enbodi nents, which
proceeds with reference to the acconpanyi ng draw ngs.
Brief Description of the Drawings [0010] Fig. 1 is a
bl ock di agram of a preferred arrangenent of optical

el ements of a tandem photonic anplifier. [0011] Fig.

Portim@245H3g9g DCn SogMedt er detail the optical el enents of the

tandem photonic anplifier of Fig. 1. [0012] Figs. 3A
3B, 3C, 3D, 3E, and 3F show alternative gain

\arlude pulse phanea bulse widih.mylseenipliugestatiits ahdmatrhw spectral
Barfiasthunped solid state power anplifier included in
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@%mhowe %'Ap;,ér%ct r Bha Q#Lr? mg&ﬁ?g %déaswht optibal

output o I'ode- purrpe
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[0016] Figs. 7A and 7B show exemplary temporal pulse shapes producible at the

output of the diode-pumped solid state power amplifier of Fig. 2.

[0017] Fig. 8 shows a laser processing system in which the tandem photonic

amplifier of Fig. 1 is employed.

[0018] Fig. 9 is a diagram showing a semiconductor wafer having on its work

surface a target alignment workpiece feature and semiconductor link structures.
Detailed Description of Preferred Embodiments

[0019] Fig. 1 depicts ih block diagram form a preferred arrangement of optical

elements of a tandem photonic amplifier 10. Tandem photonic amplifier 10 includes

a dynamic laser pulse shaper (DLPS) 12, the output of which is optically coupled into

and amplified by a fiber power amplifier (FPA) 14. The output of FPA 14 is coupled

into and amplified by a diode-pumped solid State photonics amplifier 16. DLPS 12,

FPA 14, or both, incorporate frequency selecting eleménts, such as Bragg fiber
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and anplified by a fiber power anplifier (FPA) 14. The
output of FPA 14 is coupled into and anplified by a

di ode- punped solid state photonics anplifier 16. DLPS
12, FPA 14, or both, incorporate frequency sel ecting
el enents, such as Bragg fiber 3 Portl nd2-4553599 1. DOC
50001/ 150: 1 gratings or frequency stabilized seed
oscillators, that nay be selected or adjusted to
produce from FPA 14 spectral output that effectively
cougles to the em ssion wavel ength of di ode-punped

 pontgdp 155380 300G EXYAMI'i fier 16. [0020] Fig. 2 shows in

greater detail preferred enbodi nents of the optical
el ements of tandem photonic anplifier 10. In a
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- pulse output that is suitable for amplification.

[0021] Tandem amplifier controller 28 can be programmed with a matrix of
command signals for delivery to pulse modulators 34 and 36 to produce a range of
laser pulse profiles, which when applied to pulse gain modules 30 and 32, result in
the production of transformed laser pulse profiles desired as output from DLPS 12.
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enpl oyed together with intervening optical isolators
40 to -produce a tailored laser pulse output that is
suitable for anplification. [0021] Tandem anplifier
controller 28 can be progranmed with a matrix of
command signals for delivery to pul se nodul ators 34
and 36 to produce a range of |aser pulse profiles,
whi ch when applied to pul se gain nodules 30 and 32,
result in the production of transforned |aser pulse
profiles desired as output fromDLPS 12. 4

.'%mﬁbﬂﬁ$%d2°%5®®5@9_l. DOC 50001/ 150:1 [0022] In the

preferred enbodi nent shown in Fig. 2, the transforned
pul se output fromDLPS 12 is injected into a nodul ar
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framm;" # B%nj ] tGARIdd]ilaPhi w

ectl on of J he c';ut ut Praorr?e%%ggje%ﬁgﬁr%?g J?‘s FTPA mpdule

6‘6\0&”&9 s FP%?’ amﬂ‘fﬁ% QuRlEss thafaljoy injestiep OéWﬁIquUéfrom
B&PS 12fandeutputssrors powéi arkplifienpdrop RRER IS atower Qﬁhphﬁbr gain

tI

g??h Z{S Se \P{leor nqg'%lel'sfohggklﬁ%ﬁﬂ tl'?({ § reL%Kl 't\)/EmPH'ﬁIr gouplers may be
RIged 2tsHALT §I6\R8 botlyendsiaf e fibep uMP@P'Q agdijional poyet amplifier
coupters ey lbersglidedahtotthelehyid@f thedfbef, &@UbgR@d. [ 0023 l\/br e

]
fi P 14 C osed
(5] |3l ooy, gL B TROM e Dy S RRRR S it
a'HB"fl?ﬂ%'Utf beHEEGHD 58 &dth b‘ét’%é‘éﬂ"‘b@\itevt engeplaced between power
sopifiee toup(dPAEACSH S2amd 554resb@<&106|9t rme:ou futTJSfQ)LQiQ Pibn@the

El?rs ia? §b E%'%ﬁ-rg) Ié%erg |5|6 gﬁg Sg are, ISHEO separate

Rpi§ s P P $adhsputpph en%echF éﬂ @nd therpngputs of BABLS G2and 64
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$haipb mmﬁbranmbmeas@a@ecéwm{]vaiengmof ile It hat dl s
t t t he 11 ore
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WalegUide aieiioa with efied ibdt@ofd chfbéd&ﬂﬁl ré‘i@)éarth R Al B Pwith one

g EBert REhe B SHEAERSRER! o varond PrBAdFentR Rasoso
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f PAGF
@?"L %‘H © ngla{/"éar hlyo?}eg'o '8;95 ol CRM"PH OF &JF BOleS, AN ons .
a)dtemﬂv@e@h%mem@ RﬁGcEfsan@Fmtsmmoyedbph Bkilled pecops wall
dpphsiate that IN@intihben8f BABIAHISRE is determined by the type and length of

the PAGF 50 employed and the desired characteristics of the optical pulse output
from FPA module 14. Output from PAGF 50 is collimated and polarized, as required,
by terminal optics.

[0025]  Output from FPA module 14 is coupled into a modular DPSS-PA 16.
Beam conditioning elements are employed, as required, to produce the correct
polarization and beam propagation parameters for delivery to a DPSS-PA gain
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sheath or sheathes contain a highly periodic

di stribution of air holes. In an alternative

enmbodi nent, PAGF 50 is a nulti-node fiber. Skilled

persons will appreciate that the nunber of PAPLs used

is determned by the type and length of the PAGF 50

enpl oyed and the desired characteristics of the

opti cal pulse output from FPA nodule 14. Qutput from

PAG- 50 is collimted and pol ari zed, as required, by

. termnal optics.. [0025] Qutput from FPA nodule 14 is
Portigdd 3PP A CPN BV A% pdul ar DPSS- PA 16. Beam condi ti oni ng

el enents are enployed, as required, to produce the

correct ol ari zati on and beam propagati on paraneters
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@% Afe Bﬂﬁiﬁy 8}:1 gef%r]en ?_ggﬂfg fo?levrgg ga meflgwgr gase ?ettnps&ﬁ’x of
dhearttispending dewibigIBurRd) 16 are identified by reference
ﬁ?]' al In% SZ\O{HeQMﬁQIt B%pﬁ&:—ﬁmbqw FEAModuR! 1t4erreﬂ§ét§ Bff X highly
HRectva GEE FA, P SHRGETIS 4 PP EBR FA A o1h slerari b i
efid-pempedythrough agfithecit pvtacanelennent 7B2by antiode pyap elephentrB Ot
36139& I| PPO%ggﬁﬁi Rdn Qﬁ'el'énfelr\?'mafgflezté o\‘f%lch?&goﬂ‘égptﬁgment 76
de r.0i C ﬁ? ﬁ eIe nt 76 by a diode punp
AL G DFs PR a5 28 4 fagiiem AFBIBLIPG £ om gai n
[9088%nt InFig. 138f theciutpud pfopdgating dioon BipA meelllect4aetierits Gf6a
éﬁﬁ’m%piléal @Peﬁ%n?é‘z% iAo gtal?\eelérﬁgrqelm d?%l*é% P 1%Ht @é‘in

%‘8 ']eln Fi he out atin rom

741 ePRPUEREY TEPYOR P AP UL RN B2 aPa s Y theit
espedtine asgmiateddiedepimp dleoenta S3P36d By, I(Ghe oﬂh:ianpumping
%ﬁmhts7o4 tHlsc’er%Bgdlméﬁgﬁg [’?stﬂbwﬁmd# I'HPIPQIISQQH% ropa&ating

el enent s elr res C | vé ass
U?'B@é'"pﬁffbe'éﬁéﬁ%?ﬁ%s aftdichinlg ogtica! siemeet %cqneeﬁx-twﬁﬁsr!’g‘\
t@b‘rtherﬂrweofambﬂﬂer euwtpatdi nent are al so shown in Fig.
PobrL 3y ool BREBREH A ERAPRLE T
PSR of BPBR-PhEC: SrireslemAap! 14ip éldermwsi bv a diode pump
element 86. Pulsed light propagating from gain element 74 exits DPSS-PA 16¢ as
the tandem amplifier output.
[0030]  In Fig. 3D, a first alternative to the embodiment of DPSS-PA 16¢ is
implemented with series-arranged gain elements 74, and 74, side-pumped by
respective diode pump elements 86, and 86, to form a DPSS-PA 16d. Pulsed light
propagating from gain element 74, exits DPSS-PA 16d as a tandem amplifier output.
[0031] In Fig. 3E, a second alternative to the embodiment of DPSS-PA 16c¢cis
implemented with gain element 74 pumped on opposite sides by diode pump
elements 88, and 88; to form a DPSS-PA 16e. Pulsed light propagating from gain
element 74 exits DPSS-PA 16e as the tandem amplifier output.
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[0029] In Fig. 3C, the output- propagating from FPA

nmodul e . 14 enters gain elenment 74 of a DPSS-PA 16¢.

Gain element 74 is side-punped by a di ode punp

el ement 86. Pul sed |ight propagating from gain el ement

74 exits DPSS-PA 16c as the tandem anplifier output.

[0030] In Fig. 3D, a first alternative to the

enbodi ment of DPSS-PA 16c is inplenmented with

series-arranged gain elenents 741 and 742 si de- punped

. by respective diode punp el enents 861 and 862 to form
Porling2-4p5RE8B1 P& ¥BH!5%Pul sed | i ght propagating from gain

el enent 742 exits DPSS-PA 16d as a tandem anplifier

outg [0031] In Fig. 3E a second alternative to
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DPSSRA 16a, t1BBL 16chY6d; UbE Adridel 6h comaig e awblicsstafe gaif inediuimg
@L%M%e@t@d S&Jhﬁ&ér' & Qk QJfr r&%r{bu%lr Sgﬁ%leﬂbg@ %ﬁb %@ﬁerates

addi ti onal ass enbodi ments can enent e
lretpahaloutRil #4a DS Sneiohaa: PR S B Buiss RERL OB
thirg loatpantaéiarediptiise Shalee teoppral grofileutbét imsubstardibitywenquivalent to

Fh'ﬁg§put %o%@pu@@%hagé‘ie%&]rﬁ pgﬂ"hé]ateé frSEdthier (N%Uglgn%g

di ment SS- PA
09341 1 6KJ0' A Siows: bian 9B, 1R PUTR SLGAVGIT REPATGS 10 gpupled ito
ahatrﬂorgad:dhvmswnwmcs mibtcle 90pwhibke isadepitid io Whshedidines.

Iﬁ'{%m@E H'vggo"i\rlg)“@ﬁogél[e@lol rﬁlﬁ Srhed norﬂﬂgamélétf@ﬁhe

ored pu se out put -ener g pul se and

P‘PﬂVPEF"rMP S8 InRidaot BHERUISH or wghqrrvﬁf'ao'bﬁf%{e"%mr%@dve“-
Rudvereharopie coevepsiom technigbes. eintafiast ensbosiinest indlemkhting
;] fé c?o% £8p of 1664 IR SLtduft J::WF%Q\ ARG F,f.rﬁ“ﬁlagﬁ%h.c

%o er PO ?6 cent erp vvzive ﬁ E)%
§?fbﬁﬁ$s'°’h%°t'&ﬁ mMegbie AR, ingaseoratige Jype b'P°'1’%[H'Gé'M PA\?ﬁﬁ"fqt%’}edlo
RBluR Ridoiat @BOJ cH8NTI sEcanAMaahonie Gerpitich SHIB) tbavedlon

Mﬂb&/@d b? aq'?;% Férﬁ@al\ﬂ)h@@g-hﬁaqwleldqiﬁ%m borate for third harmonic
generation (THG) conversion. In a second embodiment implementing harmonic
conversion to 266 nm, the THG LBO crystal may be replaced by a critically phase-
matched beta-barium borate (BBO) crystal. In a third embodiment implementing
FHG conversion to 266 nm, CLBO may be alternatively employed.

'[0035] Harmonic conversion module 90 generates tailored pulse output at a
fourth energy per pulsé and fourth pulse peak power with a fourth output tailored
pulse shape temporal profile that substantially corresponds to the input tailored pulse
shape temporal profile at a second center wavelength. Skilled persons will
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Har noni ¢ conversion optics nodul e 90 incor porates
nonl i near crystals for the conversion of an incident
i nput pul se to a higher harnonic frequency through
wel | - known harnoni ¢ conversion techniques. In a first
enbodi nent i npl enenting harnonic conversion of 1064
nm out put from FPA module 14 to 355 rim harnonic
conversion optics nodul e 90 incorporates Type |
non-critically phase-matched Ilithiumtriborate (LBO
: crystal for second harnonic generation (SHG
Portidt1ivPERPS P 520131 owed by a Type | critically
phase-mat ched |ithium borate for third harnonic
generation (THG conversion. In a second enbodi nent
APRIPEiRtE 1Rt hgMRRNEBRNIVErsiandnoditie PG may Sreatfsinipmnediate pFaPNIc
WBGierignss, alg. MRYwavelehgth! &Cgﬂadﬂy/vaareléhghl CﬂUWmﬂﬁlﬁS@velength

n‘@%pﬁg tglf'f %ep Invggr?te%ﬁr t%t' Pl&% C%V er A BIHV? 8"93%81 thﬁ]context

EleBEntresf hBE“%ﬂ"E ewa{siqmpycs;mpﬂ@y 88 M3gyJE3Baceddntaternieerature-
cerioREd Mo UNtSTtHE ketnftDatgRet bidhSs bétl dnﬁroaﬂtrélléhfb@ téHHeﬁ\Ut

Qrtn f'ﬂ‘”erf:g oﬁlgr i | ar{ stsq oops SO as
il R TR A LY

eisely C?ﬂtf@f Pm@etm@t@h'@t@mmwram y corresponds to the
[UOBGI t B | PsRAVsRI| talte GRS einBONMEA! a ﬁh@éd’l'pﬂo@hlc%mphf er

P50t B ol BE SR SR eiS oed B aRR ok pno, e Rftiton
@dh@@r usedn iapdemn ehownigeynplifieratOshownan Riad?.afig. ahowsa DLPS

Y2 \cBhfRjuedd With & fidt mohtﬁat\é@\gﬁln&ﬂ&iﬁ sta?eg 3> Egsr,mn»?\\éel.#a&ghde
iR M S ofre). SPehndimodiipeelin il Sidbe 86 Vet
modylated gainFheduinstege 82 ngludena pulse maiukitarrand @tputse gain
meduk %o@&p@ﬁ&m@ﬁ: Pés’ia@@tﬂ/elynblgsé ﬁl@@@lﬁ@ﬁ' 45 @hd POISE Sh Infthiule

of wh controll ed

B 51115 s RS AP st 92 Pepcisstabe Hgnaiesch PR h o
motilgtor amdia pulss gaip nicsisttbenriesparalng tecreapectively,putsei nsadwator

@@Eﬁd Qulsé)aﬁﬁ R1odBieC d1Gid QmﬂrﬁEH{aﬁ\?e m{mmtﬁngrses a sungle
ys a ?AH éf at| ye enbodi ment a t andem p 40cgnl g
Ao e pin gl B2, haeHer WP ISP NSRS BRNESb PRI 40. 1 produce
z ladipredtiasen palde antputthéffie sditablef fooamplifidatiome Aaiin #ddéase @hDLPS

ipom %au@eql amw#a%m@%%ah%e% rarhimBh w’kﬂ ﬁﬂé}\‘i&‘of n

* farfrai sk o8 GoRPHo MRS TPaYRiSGn st Heshatin e
slagesciftand ¥ tatpratheh iapange of lager ppise prudiles, whiclo wtien applied to
HQ&’M!B@B %ngﬁécmé@%%s érﬁigﬁl 9A§ult 'lzﬂ {hgtprodm%“ r%qsigfhl]&i

e Sta es a e oG atore and
'63‘?’&’” sﬁcPd?fﬁ"es ‘i’ﬁ)"l"?%?ﬁBWBP‘rf&’gQ LPPdepectivel y, pul se
19037l atFig. 43As@stbwsithateutmit fromRRA @odlle 04 istdupled;intaBdam

&ﬁl@QBQmHBgﬁH ?ﬁﬁg prHuEe PREHLE b%érﬁgﬁnt?ﬁeé fof H‘l‘iggﬁt d%hpéﬂl tFa

| ator an al n e correspon
rpgglﬂ@tef 98, eM?dmf)‘Hf s prgfaraklysf an acousto- optlc type but may also be of

an electro-optic type. Output from modulator 98 is coupled into DPSS-PA 16, which
amplifies the tailored laser pulse output as described above.

[0038] Fig. 5 shows a tandem photonic amplifier 10" constructed with a dynamic
laser pulse shaper 12", which is an alternative embodiment of dynamic laser pulse
shaper 12. Specifically, Fig. 5 shows dynamic laser pulse shaper 12" implemented
with an ultrafast pulsed fiber laser master oscillator 104 that emits pulses at a pulse
width of less than 50 ps but greater than 1 fs at a wavelength less than 2.2 pm but

8



36 and pulse gain nodule 32 of Fig. 2. An alternative
i npl enmentati on uses a single nodulated gain nodul e
92, together with intervening optical isolators 40, to
produce a tailored |aser pulse output that is
suitable for anplification. As in the case of DLPS 12
of Fig. 2, tandemanplifier controller 28 can be
programmed with a matrix of command signals for
delivery to the pul se nodul ators of nodul ated gain
. nodul e stages 92 and 94 to produce a range of | aser
Portingpi$563889 P isformgsowhi ch when applied to nodul ated gain
nodul e stages 92 and 94, result in the production of
transformed |aser pulse profiles desired as output
breatar han3 002im. PAIs&Y fibeFimastet oatilalostidvanitshattputiat pditst power,

B, %%Rﬁstmub&ylﬁ ﬂosdawu&'tsg rgw&at&%@t £Q8 b%fém:'dng

tics. 96 to produce require ean1attn
BRWeET bt oniia] elets 49. 24 consen siana) 103 gelivaser Py epRemgmeliier
mréfoaeraaﬂ tp noddutatoralObysdaucep fardasey palsd stiapen 1 2'abser dutpudbit a

§%bl?‘?|h %G"Ivléﬁmgpéﬁoca &é’(ﬁﬁ_dl Wélpﬂ'gcwfe':\%mf m;lﬁg o%‘p{q% PI?sérSpulse
Pz@gf 15up eep't?ettgat"aagweegem%eaww'fe'[ v®38] Fig. 5
[0939F aPulsetitver plasten B cillaAOMT (i4fdr@rnaliow spetsin fBérgsbwairt h -
SpURTTG b Taa) PR fRATne) Seepild deinbiis Bbrouces
Rarrowsspactral kapdwidth andja dss'%@wm@ngmwﬁam@ fage.
sitapquent ainpiifigatienBy DESS-FA 16, Sﬂchﬂréq"ut%ﬁé\ﬁ&elé’dﬂﬁ%‘ﬂerﬁérﬁ@hay
m

'n@‘ﬁ@é B%E Jﬁ:ﬁr %ﬁ{m% fﬁaﬁg cg/osttarballzsg se cf %%Fllgfor? hgﬁ sﬁoyryn

2 tapdesn amglifier p@rggpllgh%ﬁ-]mgy gspencgmol signal 108 to modulator 106

BCU' iitle dawrf o IR r ﬁe%cﬁ%%&e’i@séﬂlﬂbﬁé\hﬁut tb Q%‘Néfng uency,
rﬁ}\atp iy Irrﬁa%j uééf@ﬁ&r J{‘ﬁéénq m%‘?‘ﬁzj:atlon n exemplgm rtasgl;eo oft fb IS 20aMHz

I rst r equenc
H’e?qo\)\é'f’y al“S a& %H‘Bla@t @Pgieéfzﬂﬁwb& KHg tOp&MHZo killed persons will
eebgvianthaybe oglhtichhipi kel eind; Sndifl is dvérDad £, /nSiveéraln id @R

[ ontrol | er . .
Uy 2458 i SAOASTLBIB, Ll VDL R e cemers
theugh agipupling %Ht'camoge'@dﬁa poigk is M'tlon%bletweseegml isolators
4que DPBSERAIg6aKd optfonall RemHiciishveérbioh apids rﬁb&@@go shaper

S to QW _spec RO
ﬁéof O%g ér%qu a tgﬁ?grﬁ 8‘10tr?3|§tampth{' %rg?lol I \\gﬁlsp %%&s ffé?{a tandem
mﬂt?wﬁ@p tef AGhinthaierlispd fleer amplifien dutrut islamplipd &f @ PRISISyPA
Imcméﬂﬂmb@afds&wqﬁﬁw s‘é@cﬁﬁd él@&eﬁ‘ﬂseﬂ@ %héh b® BFHg@Cﬂtb'é?g@tmgs

SAER AR AR el SGRaRT RS FRRlcR esirebl
$HestEalmatpLg Chge%thf istice.q Adreayenny| leckingrriersémri@atis ingarporated into
DPSSWFe163r t%QﬂO\fldé)@édl%cﬂttb A9Fow Epécrtr@m? lSoﬁélthﬂ)ﬂf éEho to

SR8 raRbend) Bhq iod R HRetion oM g apECEI ki agis
edlhmcm PRS§-PAJE". The dse pifeedimak calmes mulipde passes wétheyinput
talloredBEILE thrOSIH the dhAmEdHiR ¢k DP8saPA ggver frequency,
[0041] Figs. 7A and 7B shdw exemplary temporal pulse shapes that may be
produced at the output of DPSS-PA 16. In a preferred embodiment, the temporal
pulse shapes shown in Figs. 7A and 7B are produced by a laser pulse shaper of the
type described above through employment of the appropriate modulation of the
pulse shape input to a power amplifier such as, for example, FPA 14. Modulation
methods may include diode pump modulation or external modulation of the input to
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f2, that is nore useful for efficient anplification.
An exenplary range of f1 is 20 Mz to 200 MHz, and an
exenplary range of f2 is 10 KHz to 20 WMHz. Skilled
persons will recognize that the relationship between
fl1 and f2 is given as f2=f1/n, where n is an integer
val ue. The output of narrow spectrum fi ber power
anplifier 110 is delivered through a coupling optics
nodul e 112, which is positioned between optica
isolators 40, to DPSS-PA 16 and optional harnonic

Portipdty 13793 PO S¥PII%¢s nodul e 90. [0040] Fig. 6 shows a

tandem photonic anplifier 10"', which differs from
tandem photonic anplifier 10" in that pul sed fiber
Hiedrower ampfier By ecqustapiici ot ¢lectio-apiPagdyiators) dodujatian of the
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PS5 e BB 550, AR S0 e
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208 S5Bs rarn Beh T s on o BCEP LS AF8 2R RS somitaads to
tapdemapbgionicamplifiero\efort puizrughiseinp tbsowgh extefnal tigger
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WwWer a . exa
s S0 a"#e*?% BER 2 ardh St R S5 A ABEPEY o
conteoerct1dixtenmal triggei commandsHe tandeat phatorfc amplifier 10 in
E&rr&lh&%g\ vﬁé@@l Qoéb% mct \ oﬂfgé«%@lﬁ%@ﬁomatﬁmb&fléﬁf
RO g 00O s tmith ) SUTRAN SRR ERIot Ry e EmisRY
tangén fohetoniceynplifierd Ob dAlterrtivgle dadent pidtérée amplifief Y0 etriite
m.m .n@wms% :ﬁﬁ@mgt ercemrmﬁ.féama tb '88ntl-cﬁ|§r9§8 %&?m ot
em photonic a
cF Halp e OHSEh SEBEAnG e e SRR ST AG Hiesa ‘BMDIE ALt the
émitted ldsacpulswil bedsdident dgsdeampiRAénic Ampljfier d iscaommarided by
E@&Q‘éﬁ% p%qgc@é Qﬁ\.(édﬂ‘ﬁﬁeﬁﬁoénpnﬁg@&gﬁlgd nkeftidele é&lﬂ?ﬂgto?ﬁseful
over al stem operationa comman
(FTPETP! PERCISS Ao aha 195, G SR o oDeXxasmile dorRsamping a target
gigemenoworkpiece featdnEQZQ BlP@)NaIQ&peempo 2d2, shandémFig. 9, a

MQQBW IR lower FFakHQovbe? a\%ﬁ %EEIBP R@Fpl.gye ang dg %n fICIal so as

fier contro
a%ttt%d?'ew%'e‘s featyrgg Semicandueipsmemery link sirugtures 8?11 gmnt be
mosk adeamthgemmmnessécﬁustmg ahighé&r ptak pawdr S highis energy per

pulse. _
[0044] As those skilled in the art will appreciate, a wide range of preferred peak
powers, energy amounts per pulse, and temporal energy profiles may be attractive
for laser processing of semiconductor and other types of workpieces. Therefore, a
method and an apparatus for allowing a user of a laser processing system to
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[0043] Controller 28 receives commands from enbedded
control conputer (ECC) 204 and signals from beam
position controller (BPC) 206 and provides comands to
t andem photonic anplifier 10 for pul se em ssion
(through external trigger commands) and pul se shape
control. In a preferred enbodi nent, controller 28
recei ves conmands from ECC 204 and in response issues
froma nodulator controller 212 external trigger
- conmands to tandem photonic anplifier 10 in
Portind/61°WP-m8RS &Pt h BPC 206 based on wor kpi ece feature
position data. Modul ator controller 212 controls the
times of em ssion and shapes of pulses emtted by
Rragi@enihg irneeirLrraliipia be empibged far e specific dlass/of warknieses that

PEPHE 6h60u’hf€iédl bh Biwald}t o? Wakers m%érﬁﬁéeéﬁ‘abi& i nterpul se

ted t [ler 2
[ob ¥, 1 iom SRR 44 57 aEbarhfisitdhine GnaiAton T sats Rgory
mepRirghent@nk gathratidrecithe minga olpertitent laser processarhrarasters,
fUchsh téM‘le.)ra of 18 Cér@ ertpﬁﬁgemm%sgﬂ'b‘éamm?bédaﬂan 10

d
SRR AP S S0P UB B T sESiom SR P28 ok Peap daeuste 2
phdddetectior mpdulel 2281 which emydeengiioped forth&idgectighfofameident
Iz&r Jufut QK@BﬂE&r ofugfz ut RStiRPIRk rﬁgmathé Woggéurfa%la' gﬂ%gﬁtectlon

lﬁ? Sg f eat ur e 0 on a wafer specinen
e G 9’“%[“'&6%5&"515??3Rﬂe‘ﬁd?%ﬁﬁfc'ﬁé'ér?aﬁﬁA%Pf fied
d;glezagpn péthepietentedilight bigndis rsath as e, inddera aand neflected laser

Q?gn‘él%ethta?é%tylérlg\ﬁméw thé rh%%g nd TEfitted J)l?lgg(waveforms ta be

ructures vant ageous rocesse
?fg‘? ff"éd'ﬁﬁt'ﬁ?fbrﬂb%ﬁﬁﬂ}ﬂ’gv%‘f’ apRArafisew f@rﬁ?lt'gfﬁc‘ﬁgr measurement
gfithes incidp Oi0hdl] refletddlaser vedvetdnee, dllowingeakitativh bhd calibration of
t"ﬂQ Pérﬁ;%r@ltpﬁoﬂl@ tyz\f‘nggrar &GHI@ vgtlatg; e{nﬁgé qu ﬁ@é(stagmgeﬁl?s? energy

amount's per ora ener
*g)"ftgsea"gttt‘? SEeTBY Ber Mﬁe |%%@Psepf't9@@g% thegarbwill recognize,
sENhiog titule$erbeamchapdssar tatgep escaadf sharplypagtrasreflectivity at the

Iggﬁrﬁv@reﬂgth%an qﬁér‘hﬂgwa@g rﬁ&h@&ﬂ?ﬁ%&&ﬁi&%t éHJ &Wllﬁkgioﬂ of the

user | aser progessing systemt
fPB‘l‘scefrf‘BEt YEsalhytes ahthe IBRRIPEATS0: 1 program t he
[004¢jor dh aprefkirbe embodimeatil lagee Pracessity syseah R0C empiyhg

t%fmdé&ﬁ'bk&bﬁ%%ﬁ}]di.h@rﬁo H§‘¥h:f31€n ﬁrﬁd%%sia% edl a%bl*ﬁe t@]t |§)5daplled

wafers i's desirab uch
Qrlesep Rioptics ?%%%Véfqnhgew At S Rsﬁfrpes'rsvgt@m QRtice 286 {5
dieaadrbynefold raincr 232 tdwazd & @pasitiobing niethgrisdi23@ewhich ety

|l'1@o°fs5raﬁar é’%ﬂé% Mtﬁyn? ﬁ segﬁeﬁ%}el@érytk? mrﬁ%urwcgfide%f target

ener gy ocu eam
SRecines ?@sfm 'Agerﬁmms'na ofygrkpigce W&tfeﬁ%@t {agget abanragny
featafee22hand mambrydink atrugthet 204t BECi208 praiddseX-2 B ordmiite h

m.onﬁg%ggawsq.réaranw? dek 8.%@3, fﬁ% ,Jfrnewga;; .ocgein%ere

aser out ut
thg ppggeéfrorpm%&@p@gﬁqﬁﬁ\amsm 234 can process a desired target feature.

X-Y positioning mechanism 240 receives command position signals from registers
242 of BCP 206 and directs actual position signals to position encoders 244 of BCP
206, which includes a comparator module 246 that determines a position difference
value and sends it to timers 210. Timers 210 respond by sending a trigger signal
appropriately timed to operate in laser rail optics 230 an acousto-optic modulator 248
that modulates the output from tandem photonic amplifier 10. Those skilled in the art
will recognize that the pulse output from tandem photonic amplifier 10 may be
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nodul e 228 preferably incorporates a photodetector
circuit capable of fine digitization of the detected
light signals, such as the incident and reflected
| aser output signals, thereby allow ng for the
incident and reflected pul se waveforns to be
effectively digitized. This nethod and apparatus all ow
for satisfactory neasurenent of the incident and
reflected | aser waveforns, allow ng cal cul ati on and
. calibration of the tenporal profile, tenporal profile
PotiRj2{53320P-' BYF, *PAMME€ anplitude stability, pul se energy
stability, and the energy per pul.se. As those skilled
in the art will recognize, scanning the |aser beam
dirgctcinte hagpeie CoveEsIYT magiue 8P ¢ng 3\‘%eﬁge’]*'¥1dleb‘tﬁ'¢qm¥ yay of
Rkert AR optic3 280 anB epdten PplicZa® tb ik Surkice @86 forMatmeic fasér

ation of the focused spot size
g}zgéégb&%wor@%%ﬁqétg}éér beam [0046] In a preferred
9881 nEhese gkillgdigdhe it willresognizedhatiatainath® arrqagyients of
taaaokﬁa@d@bmg eydtém wlmherfts mray b enipoyet @nd alwidé:\l/é}retySof

ase
KERPEROIR) b ol o PR Ehost o S Pind B sy
e@#@wgamewéréo dlrected by a fold mirror 232 toward a
E‘:onaﬁl tit @NibRDLIBGE B thes8 Hadng M |ﬁ he @Y that maﬁv wngbe my be

S ur oat%e ggllél ?f tfr% ?bé\tjeb esguergn%rﬂb Ver% rntﬁ%@ éleartmg from the

pmd%lwgg Priciés ofdhg p\vec@nf ddescere ¢fthepresentrinpention should,
heteISHEEBY detéMhad ShiBPthRTBICNEEYimsi NK structure 224).
BPC 206 provides X-Y coordinate positioning signals
to direct an X-Y positioning mechanism 240 to a

| ocati on where the output from Z-positioning
mechani sm 234 can process a desired target feature.
X-Y positioning mechani sm 240 receives conmand
position signals fromregisters 242 of BCP 206 and
directs actual position signals to position encoders
244 of BCP 206, which includes a conparator nodul e
246 that determ nes a position difference value and
sends it to tinmers 210. Tinmers 210 respond by sending
a trigger signal appropriately tined to operate in

| aser rail optics 230 an acoust o-optic nodul at or 248
t hat nodul ates the output from tandem photonic
anplifier 10. Those skilled in the art wl!l recognize
that the pul se output fromtandem photonic anplifier
10 may be 11 Portl nd2-4553599 1. DOC 50001/ 150:1
directed into harnoni c conversion nodul e 90 and
subsequently delivered by way of |aser rail optics
230 and systemoptics 226 to work surface 236 for
harnoni c | aser processing of workpiece features.
[0047] Those skilled in the art will recognize that
alternative arrangenents of |aser processing system
el enents may be enployed and a wi de variety of
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wor kpi eces may be processed by a | aser processing

system enpl oyi ng tandem photonic anplifier 10. [0048]

It will be obvious to those having skill in the art

that many changes may be nade to the details of the

above-descri bed enbodi ments w thout departing fromthe

underlying principles of the invention. The scope of

the present invention should, therefore, be

determined only by the followi ng clainms. 12

~ Port | nd2- 4553599 1. DOC 50001/150:1 Clains 1. A tandem

Porting 465 BT -ROCaIPpPMISP1 er, conprising: a tandem anplifier

controller; a dynam c | aser pul se shaping generator

emtting tail ored pul se spectral output in response

to the tandem anplifier co@®img|er, the | aser pul se

shap|1ng\ taﬁ@é]ﬁbﬂét@l‘nc'aﬂfdhﬁ@" Edinprisitgh sed opti cal

fiber-b ce configured to produce at an

operéﬁ?ﬂ%”%ﬁmB@%FgﬂgFm t%on frequency the tail ored

pul s@ dypawicrlager pulsp shaping gerdrator emittingidailsoedbpulseasgectrot

&H‘ﬁﬁn FI3BOABE to Q{hdtaﬁdérﬁ'ahﬁilﬁa& coRIFIRF, dhe Bgérspﬁlls@ é?\fabing a

Id state hotonlcs a eratively_ass

Generriprpc G s ByBPA SPral BhshaStst RBF USRI IReT e

aransmeoatmg@ulsb eergtition Bieqleacy thedaitomed/ pyss speciraloutiait at e first
wgveJ f@&%ase%n%@dam ;@a.&r& tQHI'p?lpaijp@?é brofile:

ase r soufce and the solid state photonics
anpl |af§°éi’ stale Rhotenigs Ql'éﬂ"&/‘%&%?té’e'ytaﬁ’émi@ﬂ’ %S’PtBHPep'GF%'@”'se
Wgﬂnemﬂdrmﬁ hiading be eatidsisi wavelangt; andit h of t he
sol i
oo e AU o e s O Al e
fherdaped PeiEoLEsand g ?ﬁJ‘E’ S&ﬁﬁPﬁ%‘Pé‘Fﬁ aaglifigy to effectively couple
fhehgilored padd spekraltdutput to @plentigifidronavaiengtref theasdlidrseate
8!%{[8’9 %saLTngileﬁ %ng qé){hel'e%g%fnaglg%é Qéllg@iaqg pp&kﬁgs §rﬂ8ﬁe'{' ?cl

a secon
EWéP@%/a't praplifigd éasgr @‘ati’té‘rc*‘lafﬂﬁ*P”zP% bpaustantialy fat“hfe' 'PPP%aED" of
aﬁaknd@warnpam ptlbe prfiastdhgtaliisred poRE gpectial odihat dtarseond

BRSOl RTRILLI oo dHeRlyTnds arkidrdil:GharR WpEEARL et

aser source 1 nc | aser SCI | tor
perlt Pawer @pd thesgeicond pUlpe RRETEY an opt| cal fiber power
anmpl i£ i Frfe taRddM ad&amcbhtbnwlos edinh aSie whishtgatsed optical fiser-

AR A s Sl B el A 35t
firerpower amdlfier mwp@mecthanpiseql laser @ftPyt ai m 1, in which

the pil ﬁ@taﬁ@érh pAbtohic REpiifidtas edinh @SiAwhidhUhe Qséﬂ@dcﬂld&ﬁ

tical JIOJJeol\évseérrsarrpl ifier havi ng an out put that

mclu%gs one or more

4. The tandem photonic amplifier of claim 1, in which the pulsed optical fiber-
based laser source includes an optical fiber power amplifier having an output that
provides the pulsed laser output with a tailored temporal pulse profile, the optical
fiber power amplifier including a power amplifier gain fiber.

5. The tandem photonic amplifier of claim 4, in which the power amplifier gain
fiber is of a large mode area fiber tybe.

6. The tandem photonic amplifier of claim 4, in which the power ampilifier gain
fiber includes one or more dopants selected from the group consisting of Nd, Yb, Ho,
Er, DY, Pr, Tm, and Cr. |

7. The tandem photonic ampilifier of claim 4, in which the power amplifier gain

fiber is of a multi-mode fiber type.
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provi des the pul sed | aser output with a tailored

tenporal pulse profile, the optical fiber power

anplifier including a power anplifier gain fiber. 5.

The tandem photonic anplifier of claim4, in which the

power anplifier gain fiber is of a |large node area

fiber type. 6. The tandem photonic anplifier of claim

4, in which the power anplifier gain fiber includes

one or nore dopants selected fromthe group consisting

: of Nd, Yb, Ho, Er, DY, Pr, Tm and C. 7. The tandem

Porling3 8T BT - ROCatP1%P1 er of claim 4, in which the power
anplifier gain fiber is of a multi-node fiber type.

- 13 Portl nd2-4553599_ 1. DOC 50001/150:1 8. The tandem
phot &niTdedasient phatonig amplifieppficlaimyl., jihyiph theesolig state photonics
sm?rtf@r pbteNa dpde-pabed s6lid State |pU(_|d_6|SarﬁpI[ﬁdee- Eurrped
sol i £ . ndem tonic .
il Ot 1B iR Bor PR of iyl MBS BIE B e soiic
gptgirowso Aplifighisicludeep gpin@lerrn that isside ryrapasRy qnieaar mase
Gibdepripplechedis. one or nore di ode punp el ements. 10.

The n oni A . i M. in.which the
di oad Spa e a8l Hofpri Bpbins bt oy 3, i o g giloned

Flif state pomeerrammifier indudas® gaimplementthatis end pumpedkbyiprader

MOFEdiGdeSptRRE Slembits. The tandem photonic anplifier of

claim,8,..in iC he di gde- eq, . sal.i.d stat ower

arpl 111 dpe adRincrhelds el SLTRG, S g e

sid state powercanplifierripelietesymultinle gain eipneents, fehel efwhich is side

mrﬁs&rl_ ByEHees fnﬁ%rémae‘i\tgjﬂ)aeﬁﬂh e{ ﬁn@ﬂk@n}sphgtonl C |

ampl i fi cl ai . 1n i C e pul sed optic .

£ 1 beri2n e B el i wBPRL 7 HATD T R B B Rilsed opis

fies-beseddgserisutce inciudes faidindet fumped fibeeniastasescilletor ponitting the

NAYddNEset oﬂhﬂu?ﬁam%dé Pulsd witg ¥asivédiCatoul P6b PSaribodPsid ns
500 ns e

a Ve h of between o bout 100 nm and
Srueding oien i Bbou Sha ARk 208 (1o of
cl ai m31 The mnﬂhhmh%dmc mplﬁﬁedofcqtﬁtirindain wlﬁitrbtéle-miﬁ_sé@ptical
: iiﬁ-%ﬁsédlbl&&%obf&:@'irﬂ:@lﬂ%s% fbkPRSer AsREr JERALBF o;ﬂﬁ:ﬁﬂyj_ ds3bQéted

t [ jated. with fi [if .
o 2 FPsrpaRE SEIBL SveehC oflispt B She g ha®h e ulivigth of
ftwedreabmitn fabudiabolit 180 psiat aawaveienbfOofis:twgereabout 100 nm and

[ h of between about 100 nm and about 2.2 pm
14. The _t andem phot oni c a,nlgl ifier of claim1l1, in

the dfndhF ETEREEMOH SsBRLH S de NP e bIneCRRPIc ST
pulse shaping generator comprises:

a master oscillator that includes at least one modulator-amplifier stage to
generate a master oscillator tailored pulse output at a pulse energy, a pulse peak
power, and a tailored pulse temporal profile at a first center wavelength; and

an optically pumped fiber power amplifier that produces in response to the
master oscillator tailored pulse output a fiber power amplifier tailored pulse output at
a pulse energy, a pulse peak power, and a tailored pulse temporal profile that is at
the first center wavelength and is substantially equivalent to the tailored pulse
temporal profile of the master oscillator tailored pulse output.

15. The tandem photonic amplifier of claim 14, in which the solid state

" photonics amplifier includes a solid state gain medium that is selected from the
group consisting of Nd:YVO.,', Nd:YAG, Nd:YLF, Nd:Glass, and Nd:GVO,.
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a master oscillator that includes at |east one

nmodul ator-anplifier stage to generate a naster

oscillator tailored pul se output at a pul se energy, a

pul se peak power, and a tailored pul se tenporal

profile at a first center wavel ength; and an optically

punped fi ber power anplifier that produces in response

to the naster oscillator tailored pul se output a

fiber power anplifier tailored pul se output at a

. pul se energy, a pul se peak power, and a tailored pul se
Porting2s399_aibocpsogdfiisp:e that is at the first center

wavel ength and is substantially equivalent to the

tailored pulse tenporal profile of the master

osci I1Baflbe tangiehophatonicidrsplifienbiakim 1 5 whick thecardgiified laser

&hﬂﬁt%ﬂb&c@ﬁ%d by e sgf)stﬁhtﬁdllma"it‘ﬂ ul kpriddtion s Ir%ecalﬁ:ﬁé& &mporal

state es a soll state galn

i fi u
IS RIA '? Fﬁaremggcegeﬂ‘ é‘étf%&ef"reb}’(?‘(ﬂ%ﬂg“gra&d6“’&'&5§P'§‘Pr'ﬂ@9 an
optica\@dmomid coErteNopticaly, adsdciaied wwith tiaen dolNchtéW@ﬁotoﬂzés

é?ﬁﬁutrtepfé?coﬁé?&%%rs"t o@ﬁi@r ﬁQQ&éﬁlglﬁ Qndl ?ﬁeﬁ@ﬁ(?f%v

otoni c | er alm 1,
'?ngtgrataas?mceewéwaaf'swtaéwwnoﬁsr @aeé’teafﬂﬂ wavelength.
f al t 7 ulThe épideseitotohiodmplifier bﬁ?dlélmrmdlrt\enﬁﬁOfr&lprqu.wtﬁEOf the

hic%oh@er@l" B%Eﬂgs@{s IR afderaﬁ ?) ﬁ@ﬂhs{ is \Aﬁﬁé%n? ﬂg;nr}he Qgc%nd

er conpri sing
%eaku RO¥PET §f ths E O tﬁ"?’ﬂ% Pyise M"%’t"%itpé“ﬂhefttbﬂ Amplified
lasgrldutduer to convert the first center mavelength and

pr odyge sec

Lo 48 7o ARG RT AL of Y o Ao ot
M@?e%wlsehiﬂe wom:evsesrrneltmlaﬁ&?@ﬁﬁ sh@p@?rpemaﬁq)r beri er
ahplification td €ormi the Wilofdd puli: gpeerrGuipal of the harnonic

Convqg)t She P4 tdghllt %"I’O?Cﬁ‘llﬂé Lrﬁaﬁfﬂr :Eﬁ%lﬁ 8p 91%'5!0"1. E‘n%tmulﬁple stages of

different fromt econ
digda-pempechies pmpHficatian inslugg f'ﬁu P@%sq@nﬁ@roaﬂe RyTped|ampbifying
fidees, anglirsf disdb-puraseat araplifyang fibek rodlibing tamstasitgut pLBB sRape

B by B3 hdns -l o 35 Sy s
RH'SuRRestighetPuti ber anplification to formthe tail ored
pul s@os Fee tanlemopHodiic arhPlifiel BEcIdimNg @vpion te ddiid state
@J@%J.Js'a% ﬂé }%lska)éegg A-S%:hn' L 2 :& E)hnkllnﬁré p:n'é a:;dl#,d g?éaqgiggr-é)ased
'§%c§ﬁarcaucea'eﬂm@ed%\ BT hapingpn 9ytprd meavelepgthiand fiber power
sthpidier mauinesl g&inepédtiunt) ohd oirpit viRiverRHGIhRG tie dibde laserbeiny
ﬂb@e@ﬁmggﬂ&ﬁ? t‘ug‘g%m S%B&PAJ& tﬁg fi L'){} (9%¥\l%p§m?ﬁce??rg? hc?rse dd state

| t%wp%ﬁﬁﬁfﬁﬁl out put. 20. The tandem photonic
anpl 2hj qhe Qﬁnd@l‘rﬁbl’f@t&uc érﬁpMﬁl‘ BlfbléthOSm whlcis thatdiode laser is of a

%%L?&i rfg:{ i5 PP aIIyB §Iedd t% a%cotprtlga mor:pugatorr}hXYh mocpulates
the output of the contlnuous-wave diode laser.

22. The tandem photonic amplifier of claim 20, in which the diode laser is of a
pulsed type.

23. The tandem photonic amplifier of claim 1, in which the pulsed optical
fiber-based laser source includes a power amplifier gain fiber of a photonic crystal
fiber type.

24. The tandem photonic amplifier of claim 1, in which the solid state
photonics amplifier receives an input tailored pulse derived from the tailored pulse
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| aser source conprises a diode | aser having an out put
wavel ength and a fiber power anplifier having a gain
spectrum the output wavel ength of the diode | aser
being closely matched to the gain spectra of the
fiber power anplifier and the solid state photonics
anplifier. 21. The tandem photonic anplifier of claim
20, in which the diode laser is of a continuous-wave
type and is optically coupled to an optical nodul ator
‘ that nodul ates the output of the continuous-wave
Poring}-BJE! B P1#Y!  The tandem photonic anplifier of

clain120 in which the diode laser is of a pulsed

pe. 23. The tandem photonic amplifier of claiml, in
WﬂcHﬁ' utRut ANdJwithes semerges & gaiemediaLepticallysourlsd te the
frémJeudﬁselsctlp@Wme’imaggé ﬁflglrt]@lil pmsgedoartt;]@hpa. t@lhfbédJilﬁylfg

pe. : e tandem photonic anplifier

&%¥§$Q%%$%hh%dm iich the solid state photonics
anplifier receives an input tailored pul se derived
fromthe tailored pulse 15 Portl nd2-4553599 1. DCC
50001/ 150: 1 spectral output, and further conprises a
gain nediumoptically coupled to the frequency
sel ective device to cause nultiple passes of the input
tailored pul se through the gain nedium 16
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