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ADDITIVE 5 This is a Continuation-In-Part Application of Serial No.JUN 2003

08/ 947,474, Very Narrow Band KrF Laser, filed Cctober 10, 1997 and Seri al

No. 09/ 082, 139, Narrow Band Exci ner Laser with Gas Additive, filed May 20,

1998. This invention relates to lasers and in particular to narrow band

| asers. BACKGROUND OF THE I NVENTION to 15 20 25 Exciner |lasers are

currently becom ng the egrated circuit

li t hography industry. A‘m}g&) mﬂgﬁégﬂﬁﬁ%ggérg‘\#&er is depicted in
we

FIG 1 and FIG 9. A pulse po JFIVdes el ectri cal pul ses

»lasting about 100 ns to el ectrodes 6 Iocat ed in a discharge chanber 8. The

el ectrodes Hhig 1ab@dn@&aﬁmhe9ahmlﬁmtﬁbxﬁ098erm¢&ﬂ oammmabwry Blafroimnch.
Typi cal | |thogr aphﬁ{ | asers operated at _a hi g rate of about 1,000 Hz
r@“@ N@r 9

t 0- 4, 000 Hz aser; &idedhActopey 10,1983 aad /0824139 aNprmewBagids

( bout 0.1 t f L UQk e p rest on whi ch
fsﬁnctl ons a T]Taé?r ‘?r}g?%}‘%g‘ﬁg {%féégsr}‘é % i:?%e ﬂﬁ}s %’t‘é sto Thi s
is done w tllasér@aﬂ@'iﬁpﬁlncﬁia@%arﬂ&vb&?@ta@é}sl n t he | aser di schar ge chanber .
The | aser gasses are cooled with a heat exchanger also | ocated in the

chanber. Commerci al exci mer Iaser systens are typically conprised of

several nodul es that may fsturbing the rest of
CHERTERDOFTHE INVERTION

the system Principal no uI esS are shown ncl ude: Laser
Chanber 8, Pul se Power Mdule 2 consr str ng of three subnodul es Qut put

ler 16,4l |
5005, CompurEFHEE, PRk 3% MrdsBY Befortihe By SRBREs< ety sowtos for fbe ipteigied o e
di schar ge chagithdéSapPemahas. eyt tybidHl QﬁﬁﬂéxﬁKﬂf eRdifet 1a§é1r1§ae@&@a§phm es.

These 5 | asers operate in a pul se node at about 600 Hz to about 1,000 Hz,
tthe ener gy bend plGs2 Bepuise }abmrtmo_dlllcrﬁ mmdtsrﬂealucaimUMSdﬁsnngebmasl&O pul ses

is about 1 ns .Thus t.he I eami s ou to 10
Wal o hnd T slterade lheaieddn & Sharie Stamtet 8, e clpSRtes r Bt 2,00 K
At cal a ;ngg&

oper/gti on. rﬁ?n thﬁgg%%%%ls?ﬁ; Is‘lgélg%%‘frtggju%g}é ?%%lggtmﬁéjé’?ﬁh bou f? érg(% to 150
pul ses at tdte high puleé rate 608bouul 906 Haeto 456000kl Fa’mrem idisrricesaryohb t he

burst is abqut SO to 150 nilliseconds, Prior art itho raph exci mer | asers
are equi ppediraiatea laseegasabout Odi nessat Buerineo| cReF‘Ef{}F napd e rest reonout put

| se ener o] tain a
B red Cuoftf A @l st s Uiy 5 s BOMAER HOLLARGac) TR B2, 0,
the output déHeswitBnengentiBEbibivendoUs@tel 1 the MsePHisehhrg® chitAbeteSTHecksdrevel .

It is well known that at wavel engths bel ow 300 nmthere is only one

sui t abl e opgassed are cooled with a heat exchanger glsp degaigd rgnethe rchmnberaxﬁénmastcealf or

buil ding the ste used far ,chip |i.tho rial ,is fused
o can O an SHeEr Sr svtFm et appen bt O A0 HPs R PR Hebct | on
capabi lity.r E%e&rq'ﬁt&’f)?'\ﬁﬁbut @ﬁﬁﬁbﬁ?ih@ré@@éf‘ﬁﬁ'sy?@ﬂﬂv‘l’ﬁﬁa p&lfmedules are
approxi mately 300 pm ( w dt h maxi mun) . "For a refractive system
Zonith NA  shownin FIG 1 and include:

Laser Chamber 8,
Pulse Power Module ?_ consisting of three submodules
Output coupler 16,
Line Narrowing Module 18
25 Wavemeter 20
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> 0.5) - either a stepper or a scanner - this bandw dth has to be reduced
to below 1 pm Current prior art conmmercially avail abl e | aser sx\stjgrﬂp GR"
provi de KrF | aser beans at a nom nal wavel ength of about 248 nm+i'th g
bandw dt h of about 0.8 pm (0.0008 nm. Wavelength stability on the best
commercial lasers is about 0.2S pm 25 Wth these paraneters stepper mekers
can provi de stepper i t:0.. ghovi de integrated circuit resol utions of
about 0.3 m'crong“(.% 0 ?ljn%lrg%?/@ lflfe?lég?uti on a narrower -2 a~) | 1 ~I' Z003
bandwi dth is reqPefipReraFStipsor@Bb Systéms eduction of a bandwi dth to bel ow

0. 6pm woul d permt 1 nprovenent of the resolution to below 0.25 m crons.
Argon fluoride, RBlewext®ner | asers which operate at a wavel ength of about
193 nmusing a gas m xture of about 0.08 to 0.12% fluorine, 3.5% argon and
the rest neon, are beginning to be used for integrated circuit |ithography.
F2 | asers piThedisehdrgs ehambe Btdperatad atvioprebsangbhsbaft tiabodtmdsph8reanThése gas
mxture typjcally is Q.1 % percent fluorine and the rest helium or neon.

Gas di schar Heetsaperate ypaRalsemode ahahnud i8Izt ARk diQi0etFothe serayperi ng
the gas bet }S\ﬁﬁé‘b&ﬁ% aBOR 90’ RYE%d &%‘dﬂfaﬁ%g of B 198 BuRESRLBLGA 5 xgs' Sﬁ{‘%f fie
park g oron

Exanpl es of "these preionizers are's ap ‘prefonrzers-an
di scharge paeirggd podved of BRelakerdRAm iDABSH 680 110M'Wattd Al the di&rapepoRePEf tREN t WO
el ectrodes |ike an automatic spark plug. A corono discharge preionizer

produce i onpuls¢s igrimghe ragge of sbat 70K Wond typiralovade oboperattoniisoefarreditohi gh
voltage. A typigal corqnp di scharg reionjzer is desgcribgd in, U Pat ent
No. 5,337, 3300 P e el SsRtiana o i atien e ates PERSeS TS o Af FRYton

R{ oduced bysyhe380 Hufiedt AR MidbL1 W06 Dultet gavg&bﬁa. FIAES 3he QRrAMUrCHF i turn
reacts with the aser gas to generate a substantial i1on population in the
| aser gas bbumednabhe 50 d¢gtliSOdmillisdoppde alRrior spalithagraplp rexicimerz lserspareduces
hi gher energ‘%ﬁx ul travi ol et radi(gti on than, corono di scharge preionizers, but

the radi ati 8#PipRedvitina feedbasioveliage rantind cPwt Whichdpeaspees QUtRUS PRise BDTBY nor e
uniform It;] . t, { i J f t 50 of nto
an exci mer a‘féérm%%%hgt%&?g&%ﬁgt?ﬁeg°8§§§ Yoggg?atgiléf&z“g&ghaeag ‘fucpggr%iﬂl and
per f or mancec@istinteohtpaepulsd B@@gy.am& tvieiCEmpoFan® weat m&omﬁ%i il éledrey be
efficiency of the |aser., See, for exanple; U S. Patent . 5,307, 364. Smal |
dbantities afcuratelycoptroHedtaetheslesisedleielas a gas additive for CO2 | asers.
See Japan Patent Nunber JP 60l 80185 issued in 1984 based on. a patent

licationgf.j| F 7. 1984 |p.a 1995 articl itled. -3
T o asi onttis e kAPt T ek et Beloy AB0Fw s &bt ofe SHlghle B8edl | e
Laser Gas Mnb@sial Eéd%lr?ﬂlﬂ audilible for biAlding Yne Egﬁtfér'l@ﬂ wsed fofedhip Bthogephy. 2,

1 U1

Decenber 199S}, the author discusses gas ad ves to enhance preioni zation
of rar e- gasThisimalerial asBised silina.s Apatlefuseibsilica stepperilensevid] havielioz¢hrgmatiar k gap
preionization. Spark .5 preionization i s, kno to produce hi gh. energy
hot ons. whi CHTSROR F BRI oni To6 K2 encints HiPuden & pouat drenbpdiis Shes.

he aut hor Irbti ORI AL BEmARS € Bb ; g}g{b'ér,hg i gh

(Ei .e., great rrG:{rxﬁxg% ﬂ@é@g%“e err“’é i oni zat | gﬁspg?{éﬁhﬂ%&g&? S Irlll ev?v;"{1
however, t he (afijt-heithes agteppes ot fatanner Nhihibandevigdibdsisbd be taluced te below 1

guantities of xenon in |asers which have transm ssion w ndows at_vacuum
ul travi ol et PRaVerEsTy prer artieommeraiallypvalable dases systens §an praxideKaF daser 12 1

i oni zation i 1,68 1 S . ons
have ener gi g%%ﬁ%%%%@%ﬁ%%ﬁ%@é?@%%&hﬁ%ﬂgﬁ"%ﬁf@’g@ﬁ%? g)ns such
as Xx-rays c@loebshfn) S®dvélenShGtdteli e bestéofin@tiathsadds hbye- 0.7 pmact ual
performance of integrated circuit I'ithography equi pment then depends
ebitically Withrtliest paracmgensi sieppemmzekacvéagt providet fteppen sguiptriend tepoenide t s
operational. 15 - lifetine, and o mnimzing.the | aser's .ener vari ation
P om pul se. FLEERIFL EreuH EraRaPe SLabauds hirens “Foaropciesalion agRURHEr | on
qual ity exciner |aser system capable of long-termfactory operation and
havi ng accurately controlled pul se energy stability, wavel ength, and a
bandw dt h. SUMVARY OF THE | NVENTI ON

-



20 The present invention provides a very narrow band pul se gas-g%sgggrgﬁa
| aser capabl e of producing pulses at a rate in the range of aboutd

4000 Hz with enhanced energy dose control and reproducibility. Very small
gquantities of a stablizing additive consisting of oxygen or a heavy noble
gas (xenon or radon for KrF |asers, or krypton, xenon or radon for ArF

| asers or F2 |lasers), are added to the gas m xture. 25 Tests perforned show
substantial inprovenents in energy stability with the addition of about

30 ppm Ofbaﬁﬁmhtiﬁ?r@cidﬂ‘eﬁ. I'F @kampRS taSre 86 HP% BULIHWVREE kOHERRE O 6 the ArF
| asers with the addition of about 6-10 ppm of Xe, 40 ppm of Kr or about 3

to 10 pprwaxdgemitimprovysmeheef gt watlotomembelowr §.2hanicomsbandwi dth i s
achieved on a KrF laser by reducing fluorine partial pressure to | ess than
0.10 percent and by 5 increasing the reflectance of the output coupler to
gr eat er tArgon Zofide, R exciieriaape whichgperteat hwavklemgteoPabouol ohnge of t he
| aser is inproved by pre- gul Si ng the laser; i.e., providing a few pul ses
prior toUsH® sgarmiureiafabpul (98 tq §.13%Huerdne, Scb % been arththe rpstingenart f used

silica b xpansi pr.i .U ih the ior art dinenarrow ng nodul e
ver e reptie BRER 6 DeBIt AT BBk iy BBl B BRI BT e
DRAW NGS ridiftionlativavlehiofidion b Q86 ieh. tTiee PAsi riisdaRad by REARER0S1 %9herenf | Or art
comerical KrF exciner |aser used for integrated circui't |ithography. FIG
2 is a siflyorinkiapd thd wst hdlimal oxineom. ng of a solid state pul se power circuit.
15 FIG 3 are graphs conparing the results of a solid state pul se power
circuit to a prior art thyratron based circuit. FIG 4 is a graph of

oper at i n@asodisagege lasen gypicaplyl wse. a pPeionizety techhique fofpteiohizipohe gast ypi cal
vari ation of operating voltage and bandw dth gver an 800 m | lion pul se

peri od. Proveen the cleciiadss pripetp Hieanain dectrcardisehasgs. Examples ofitagse7 s a
sketch of GOSZRELACIRA o) SR zeP aft drBfic ARAAEL RReiBRIHIS Spark gaps
produce ions with a discharge between two electrodes like an automatic spark plug.
A corono discharge preionizer produce ions by creating a corono of ions adjacent to
a cbr;ductor at high voltage. A typical corono discharge preionizer is described in
U.S. Patent No. 5,337,330 which is incorporated herein by reference. The ionization
produced by these preionizers produces ultraviolet radiation which in turn reacts with
the laser gas to generate a substantial ion population in the laser gas between the
electrodes. Typically spark gap preionizers produces higher energy ultraviolet
radiation than corono discharge preionizers, but the radiation from the corono

discharge preionizers tends to be much more uniform.

It is known that the addition of about 10 to 50 ppm of ox-ygen to an excimer laser gas
mixture can be used to stabilize the efficiency and performance of the laser. These
additives improve the preionization efficiency of the laser. See, for example, U.S.
Patent No. 5,307,364. Small quantities of xenon have been proposed as a gas
additive for CO, lasers. See Japan Patent Number JP 60180185 issued in 1984 based
on a patent application filed on February 27, 1984. In a 1995 article entitled,



5 FIGS. 8A-8J show results of an additive of Xe to a :KrF laser.. FIG 9 is
a drawing of a prior art comercial KrF |ithography |aser. FIG 10 sfowsht283
rel ati onshi p between fluorine, operating voltage and pul se energy. FIG 11
shows the variation of line width with fluorine concentrations. FIGS. 12A
and | 2B show pul se shape with different fluorine concentrations. 10 FIG 13

is a chart .of aver | se ri . f.irst .1 S duri ng bur st
mode oper at LT IR RIS G- Tk EUEh A0 Repl Bh ot Rarb s it e o
averaged. FG6z Midesi GEEECBaRal 5f Quhitind Blebthdaics) &&.mwglawca%emd%?,

energy with oxygen at 0 ppm 25 ppmand 49 ppm 15 FIG 15 is a char
showi ng 3- sthgauthet discusses gasofdditieesda enhgicepreidnizatien of raté-gasFhadidelléseshows

t he effect . repetitiqn rate.with tw. gas additive.. . ,. ~ ~_i,~~ 2003
Flos. 174 APBSEORRAMAFES Thb® orisc b PGIEs SoAhn 2o dreioniAtions GSPRK #tBws t he
effect of Naidirafion M Khdvirfd drdb&ihighnd?e) Bhotoh i i6RIPSLES the
ef fects of hlI?r 2 ang 10 pre- ptﬁrses W ?ﬁ %og%?e?ph ses. ?‘%ﬂpg%lssummaﬁzes
sonme pr epul gasrbgtvieeneathe fasBXelAdtedde s DHBERuEOr Qifih o PRIBRERIRESH iFAMRID MEMNTLD
Preferred enpodi nents of the present inventjon are described, bel ow.

DESCRI PTI Oicienpngiteorgh (he-sBisaicT than the iprefepad 1iieationRotestial of s Aev i al

: | par. amst
71 t hogr aphy Oy eh i bihet ek P Ah Ol bIc B LESLAME Bulldiet bhognon
to hold sevigrnadershiRhNaoe Ganshissionhvania®s gasReum UesdodesaRen@he<desi gned

to known safety standards, such as those specified by ASME. The two
& ect r odes wopaprhoton dngrgieyapexsessithe 2ol pnizationgetdntial ofixending Fwragiicleegi on.

Th t hode. | db ' | ati t t ' Pt 5
Comnect oq. (B RgK §8p PgERs hATE RS Attt O &y Bad Rbagebts Fardvgher o
chanber as derdys pAbtods QuiMh PR SR doRld b hRIdABIekdfid REhdrSif dSAEad I ARAHN2
di scharge preionizers |ocated

The actual performance of integrated circuit lithography equipment then depends
critically on maintaining minimum bandwidth of the laser throughout its operational

15 - lifetime, and also minimizing the laser’s energy variation from pulse-to-pulse.

Therefore, a need exists for a reliable, production quality excimer laser system,
capable of long-term factory operation and having accurately controlled pulse éne'rgy

stability, wavelength, and a bandwidth.

SUMMARY OF THE INVENTION

20 The present invention provides a very narrow band pulse gas discharge laser capable
of producing pulses at a rate in the range of about 500 to 4000 Hz with enhanced
energy dose control and reproducibility. Very small quantities of a stablizing
additive consisting of oxygen or a heavy noble gas (xenon or radon for KrF lasers,
or krypton, xenon or radon for ArF lasers or F, lasers), are added to the gas mixture.

25 Tests performed show substantial improvements in energy stability with the addition
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on either side of the discharge region. Due to the corrosive nature of, tt&ﬁ
gas the chanbers use particular netals chosen to resist fluori ne -abt &eik. 2003
The fluorine gas _ 7. ~ ~%w 2003 however, still reacts with the chanber
internal parts such as chanber walls and el ectrodes; thus consum ng
fluorine and generating netal fluoride contam nants. Since the |laser is

pul sed (500 to 4000Hz), it is essential to clear the discharge region

bet ween pul sefaboua30ppkn pirshenad b Krhdaseor hrests ghova impriyed perbribaneader thahi ch

is 5 nagneti Ly co d ta.an ernal .dri our.ce. t is extracted
T om RO L B3 ke AR B ARt RS B 0 Sp RS Ao P A RE ot the 3 ThST de
t he chanber. t uqgyL i j 1] : el.ec ic
precipitat orpﬁ%{&lﬁgg&h%ﬁ srer%ﬁ%tdaelnnl?)ol?tr?éﬁgl?lefeégéﬁggg}gﬁﬁngué%rlgé?@géﬁéﬁgt he
. chanmber and KsFpasseasy eaducingegadiinveepartiahpt@sste todbss ihahd. W0 pefehoadd bp t he

dust. The dust-free gas is then rel eased over the windows to |0 ke‘%g\ t hem
cl &an. The ginsreasing fheaisfleetapeqypl the outpuicogplente gragierithan 35 pesentnt Waen

pressure built up inside the |aser cha e taq. the hi vel aci t | ow.
Pl o Power  RESfdTRE 1 » Ui dfed< BTouRET REME Hck s bEoTed By it B e oo
power modul ejdseSRRV) pfoviditp ta ﬁwgmsw Hofto Zhe 3aft SOMY MAYET 115 HRREMred
prior art thyratron systens is 15 replaced by a 1 kV supply. The thyratron

switch is repinhodigndny, paior 8GHused silita béame exiprasionqrisimscusedpn therprioragt linsut

i nstead switches the ener of i,nto a pul se conpression circuit forned
by O o, CRaTawineIpogetterR apRitsrd Vit felti Buoudt BRSIBRe | nduct ors. The
operation of this circuit is as follows. The DC charge stored on COis
switched through the SCR and the inductor LOinto C 1. The saturable

i nductor, LI, 20 holds off the voltage on C 1 for approximately 2.5 ns and
t hen becones conducting, allowng the transfer of charge fromC 1 to C2.
The second saturable inductor, L2, holds off the voltage on C2 for

o Ity of 1,20 St ep. up WREREMESERIPTON Qi frR pRAMINGEY T pvon e

transformer is stared on C3 until the saturable inductor L3 becomes 25
conducting in approximately 100-150 ns. The charge is then finally
transferred FhGohghalddawimgehGwing thelmrwipal iekoicntsjef @ puar art commerical KrF

excimer laser used for integrated circuit lithography.

FIG. 2 is a simplified electrical drawing of a solid state pulse power circuit.

15 FIG. 3 are graphs comparing the results of a solid state pulse power circuit to a prior
art thyratron based circuit.

FIG. 4 is a graph of operating voltage during a pulse.



S J<<~! 2003 Spectral Narrow ng As stated earlier, bandw dth (FWHV of a
free running KrF exciner laser is approximtely 300 pm Currenttyy JExc P
steppers utilize |lasers spectrally narrowed to between 0.8 and 3 pm FWM
depending on the NA of the lens. It should be 5 noted that the integrated
energy spectrum and the spectral wdth at 95%energy are nore critical to
stepper performance than the FWHM val ue. However, nost users find it
conveni ent FdG- & shoytso typsabveiigiden af opsratigeveltage apdhapdidthovee an 8G9
Spectral narr.aw.n f a.KF laser is conplicated by its short pul se
duration ( f&ﬂméll%ggen%% VWHV) and UV wavel ength. The short pulse results in
very high infra-cavity 1 o power (~ 1 MWcnR), and the short wavel ength can
thermally distort optical materials due to their high absorption
co- ef fi ci enFl&i 6148 simplifi¢dssketahaf a Krlalasensybtem.of round trips through the
resonator (which includes the line '"narrowi ng optical elenments) for a
typical laser is small, about 3 to 4. If the single pass |linew dth through
t he resonat \ F ; = il ' ' ~~.f after n
passes is g%gﬁ%fggggét?ﬂg?%e)f&gcﬁ%%e ornréppitlkggz’%ﬁgfve %aggnk)i new dth of the
optical systemshould be, at nost, a factor of two higher than the final
linewidth. |n fact, tinme resolved spectral_neasurenents by Applicants
f&1 1 ow wor kEXES- §a-8Lshow Fesplts pbans pdditive pf Xe ge di-Bethlagessl d” decrease by a
factor of two fromthe start of the pulse to the tail ~~ the pul se.
Therefore, the 20 efficiency of converting the broadband spectrumto |ine
nar  owed  SpEYG. 9T hidrsving o7 09 aRBoksinercloDRYF Ofhdghepigituigral system must - be
very high. -9 T~ J ~1"~J 2003 The conunon techni que of |ine-narrow ng
the KrF laser is by introduci ng wavel ength di spersive optical elenents in
t he resonat ree typesg of di rsive el enents. can, be used:. prisns,
et al ons and%ﬁaﬂ)1 SRS %Eé‘ﬁﬁ%‘a’sg‘ﬁ’s@%ﬁ?ﬁ’rﬁ%ﬁe‘?@mgd PUAgS-ANG RYISE qDEEEYy ow
configuration is the sinplest and nost effective spectral |ine narrowing 5
techni que. Because the grating is a dispersive elenent, the line-width is
proporti onaFIGo 11 showe the viriativg efitiae widthgeith flaorinyvedncentratictish, a smal | beam
divergence is required. Hence in a preferred design, 2 slits and a 3
pri sm beam expander is inserted in the |aser resonator. The principal
el ement s of r | {e- | d ' 7. These,

i nclude 3 pﬁgr%rsﬁé@h ﬁgfhagnhg)‘g@‘h Eé;%éégivﬂg] &r%hrgfeg’? ?luggl%y\g%@gf’ lczglngt‘brlnséscheI |l e
grating, 38. The mrror is pivoted to change the wavel ength of the |aser.
| mproved SQectral Performan~~ Applicants and their fell ow workers have

d@si gned, bHIG: 13risiachant of averses Pwise enstey during shkecfirsk 425 prises deapebuust of

meeting linew dth specifications of. Q,50 at . FVWHM wi £h_9%% of .t he ener gy
of “the’ | aseFsBahaRE 1Y Pardsn the b wbeield, Fa sk Mar€d o
new, m d-aggv&agedgl d di scharge chanbers for 80 "mllion pul ses

FIG. 14 is a chart similar to FIG. 13 showing average pulse energy with oxygen at
0 ppm, 25 ppm and 49 ppm.

15 FIG. 15 is a chart showing 3-sigma statistics of the data plotted in FIG. 14.

FIG. 16 shows the effect of repetition rate with two gas additive.



proving that the systemis capable of continuous performance within these
specifications over the normal l[ife of the equipnment with usual = § JUN o
mai nt enance. These results represent an approxi mately 50 % i nprovenent 04@3
the prior art narrow band exciner |aser technology. 20 In order to achieve
this inproved performance Applicants have inproved both the | aser equi pnment
and the operating paraneters of the |laser. Reduction of Fluorine

Consunpt i oBIGS. PrAted Basbngravaxdthoreffests of okhgerparesaioni nvent i on whi ch have
been built and tested 25 by Applicants, great care was taken to elimnate
materials fromthe discharge -10 '~ 5 ~ ~ ~ 2003 chanber that consune

fluori ne. 0§ d i i i I C is due to fluorine
reaction Wﬁ(ﬁl %%{hg;r»fsgﬁg%ﬁg&t(ﬁ‘e}mgﬁgﬁ%ﬁﬁﬁ?ﬁeuggherg%ﬁﬁ%ns typi cally produce
contam nants, which result in deterioration of |aser performance. |In order
to mnimze fluorine consunption, this preferred enbodi nent include the
fol | owi ng BIGHJGA andd B esempanss them{tectsid b @ randd Ol pse-puises Wi rupneepisesd Wi t h
ni ckel . The el ectrodes are brass. All netal Orings are used as seals.
Insul ators are all ceramc and fluorine conpatible. to Alumna is

appl i cant spRE e EhimedaiR3UbePrepibiBidala. An el ectrostatic filtef is
provided as in prior art designs to filter contam nants produced during
operation. The fan unit is driven using a magnetically coupl ed notor

| ocat ed outside_the seal ed disch?r&e chanmber usingga rior_art technique.
515 During manuPEdAKED MSQWE (B PF HREFERRED QWB& enti al
contam nants. After assenbly, the chanber is passivated with fluorine.
Reducti on of Nom nal Fluorine Concentration 20 This preferred enbodi nent
requires spiefdrrRdlenfodiiang estieprefat alvenGom kRCRA RS Belgwpar amet ers of the
| aser systemin order to achieve the desired very narrowband out put. The
fluorine concentration in reduced fromO0.1 % (30 kPa) to about 0.06% ( 18
kPa). The total gas pressure,i ) he Kr concentration is
mai nt ai ned at the prior artqusgﬁagﬂﬁgﬁggpgiggﬂé nd the remai nder of the
| aser gas is 25 neon.) During operation, fluorine will be gradually

depl eted. Constant pul se energy is obtained by gradually increasing the

| aser operHQG. hghoes thapencipalatanendaofecommbreial excimertaser systedf bDiRe type

used today in integrated circuit lithography.
10 The Chamber

The discharge chamber 8 is a vessel, designed to hold several atmospheres of
corrosive gases. These vessels are designed to known safety standards, such as those
specified by ASME. The two electrodes separated by a gap of 1.2 to 2.5 cm define
the discharge region. The cathode is supported by an insulating structure since it is
15 connected to the high voltage, while the anode is attached to the metal chamber as it
is at ground potential. Preionization is done by corona discharge preionizers located
on either side of the discharge region. Due to the corrosive nature of the gas the

chambers use particular metals chosen to resist fluorine attack. The fluorine gas



prior art techniques. Injections of a mxture of fluorine and neo g,r. é’@ge
periodically (typically at intervals of about 1 to 4 hours) to ma g

the depletion of fluorine in accordance with techni ques well knovvn in the
excinmer laser prior art. During this procedure, the fluorine concentration
is preferably maintained within the 5 range of between about 0.055% and

0. 065% and th | i i A range
appropri at e51 g'ergrgl ntai %9%%31,,[ ﬁ?ggérghgérrg@dpalﬂorﬁézﬂaa%p hl%?lg\é % aé\%erred
embodi ment Ei&bﬁod@ﬂﬁﬁxs‘@ﬁs&ﬁﬁlg\@udrﬁld@d@iﬁehé@ﬂn@&nethmm(ﬁﬁfeetdnfmﬂﬁaﬁh@ﬂ' vi,
of Qu ut CouR ler In this preferred enbodi mrent of the present invention the
reflectivity of the output to coupler has been increased from about 10%

whi ch t d bout 30%
Thi o wae: doniier s B e dfondp “PRRHPERD: BRenius RRFTR difudideait g
fromthe redpednffilgssi NG GO0 peETerably Performibd &) 4 @ar@ehﬁmumb% Owhflh frisns
The change in the reflectivity of the output coupler from 10%’to 30% had

t he ef fect thirgoéticallpconpladitetnyextombl dning sonecel Hghat 1spa§&t¢:gﬁomtbe|gise:t gas

17 o it | oRY FIFAEHS R car ed FRGRt Fraanie G GasaVRbTh M e Eor 1 on

in the prisggeidQa pi%h\bgrﬁxgﬂxéo%ﬁ@e%ﬁb uoﬁ@ﬂaﬁa hoiml. SARME dmbiit! aced

wi th cal ciumftluor Isnms. Cal cium |gher t herma

conduct i vi t yf et gaﬁud dctﬂaatedlfmmﬂmdﬂmwr amtbis pasved gyemiephivily ciragedhighbl e 20
distortion. -12 - “d_2D03 F| uorine Reduction FIG 10 describes
the rel ati ofi§hl W%t%@fht}w&t The dvarf?%ﬁg&as 15 theprteleased et the windemwsdad

| se energ a e at;ion_degreases
ﬁﬁe vol tage}éﬁ%}sp‘eﬂég cr egisgeg El)p%ll %?al n g& %gk&(fpl ﬁ‘m gf?efﬁgf?g per
pul se. 5 Hoprx&ire bullt b irfsidAtheilS3¢k eharibdiQilie'¥8 ke Fn?ﬁ vHRiéﬁSr flownit on the
operating voltage is 800 Volts. Note that wwth a I0% R out put coupler the

| owest fluorine concentration corresponding to an output of 10 mJ woul d be
25 kPa at which point the operatiPuls¢Bbtvaghiodnid d have risen to 800 Vol ts.
However with a 30 % R out put coupler, the fluorine concentration could be
reduced to as | ow as about 20 |cPa while still 10 maintaining a 10 mJ puI se

energy wt hTB{% egr%?e?fe%t rﬁgo&" e&x? ﬁh%s §|shﬂg' }quohmg@& %Qx%r\{r?(;cfu?e $d5p

shows act ual fesu UCIn I'né concen n on |ne

wi dth (neasiresit stomHVFER.®D. alh@iOKkab\Sér SpPIYOYT) pricarbly taysleUBUS
pul ses at 1000 Hz and for 500 pul se bursts and 1000Hz. For this particular

tlést the ourgplaced bycolipV enpplid T&ezbymefsmwhus/tep}acecrpmaoaﬂcR awiteh phatse
e compar elopsnef Beed b RS but NP evties e SREEY, BF OnEP GuBMsR
l'asers, enepgypleSsisibirhiBffored BY dlaUgeC%D §tEp-9f> tfal§foRRerS Snd thieGANIrERIE €Sent s

phot ons, whi ch have had the benefi trips through the |inenarrow ng
nmodul e. As #duetxs. tThet dperativneofrthisadropitlis es ﬁ;ik\mtsr éﬂhelDﬁ@haxgchtméd vheCf aser

of 1his SpelEHEY BFOVER 05 Bl EGind DB UIFIoG 0 o o T SPGB OASER e o
30" 500 pur 228 SN JolStle ¥t 4 oAb pRRRIV Y RSl e bR oRlnlt, ' 015

there typi callbwirgitha tradeRel of thage Gond i@ Ch C)lmecsfec@;@malehﬁdmm 125
bursts. Applicants' KrF | aser contains about 0.017 cubic neters of [|aser

gas and t heholdsaffithe vobagyer Codonepnroxinatelyd0ns ard thsn sHlows theshasgworr 10
I's about 0. %2 8tocilljow fhrouéh the primary of 1:20 step-up wransformer. The output from the

step-up transformer is stored on C3 until the saturable inductor L3 becomes
25 conducting in approximately 100-150 ns. The charge is then finally transferred

through L3 into Cp, and laser discharge occurs.
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"'~ 1 ~ P~ 2003 neters per second. This would inply a total gas Ci-chlJUg?\li ?éb
time of about 75 mlliseconds; however, flow in the chanber is far from’ 3
uni form and portions of the gas circul ates nmuch qui cker. The speed of the
gas between the el ectrodes is about 20 neters per second and the Applicants
estimate that the fastest gas nmakes the trip in 5 about 20 mlliseconds.
Applicants have di scovered a "slug effect” generated by the first or the
first few pulses in a burst. This slug effect is shown in FIG 13 that is a
pl ot of pulse energy for each of the |23 pulses of a typical burst of 123
pul ses averaged over 50 bursts. TBpeetrdldNardwinge drop-off after the first

pul se and another large dip after the 21 st pulse, i.e. about 21
mlliseconds following the first pulse. to This dip is extremely

_reproduci bl WHR 8¢ ian ?&% f eed.
Appl i cants §oaﬂn%farllﬁ%f\}vérgnﬁégg%%ty@ause jo ft hllcrgé Irst %ﬂi gx‘f’?%éé?r%égpof

very repr odagprétimately 300 pmp irsmiBNeinet stEppess itilignldstiseedtiallghairbwed sl ug
effect and believe It is attributable to chem cal effects generated when

"clean" | as&bengerpé)s%% e, eIV depanding oaldhe N4 of tistlens. W sheuidbooo t o

20,000 volts d n ul se or the rst s. The gas
ohssi ng. bet HREH AR I hlcarp 68 By PaSirphaRpithe Pesfa it BLO DR perkfae®
substanti al r@tditicAlt8 3y pé:a &fomcb%m%kmmwu@nwewﬁ %&f‘d&xs gas
el ectrocuted during the |rs pul se begins to pass back bet ween t he

el ect r odes. find iteonutxiant t89alk abiout FWdbhiaistead b speetraberidth at 5% epargyi n t he

| aser is thoroughly m xed and the slug effect disappears. 20 GAS ADDI Tl VES
Applicants, through their experinentation have discovered that substantial
i mpr ovenent “,Pg C very

smal | quantlg?%c(gréli g%% cépiﬂgslgss&qgrl oF & f J:f' chs:ﬁyogtp Eg?ﬁgt&éfgg rqgftto 50

ppm oxygen 13, @WHM?ﬁﬁfdi&{rwddgﬂy Theghen Wﬁtﬂ,se tdaakeinrean highi iagra-@hvigxygen
produce a decrease 25 in tﬁle power out put ich tends to outweigh the

i1Prpr ovenent BOWer &6t dbMWgm“pmsid thenshorh xavelengdiocasy éwmnb\r distarit opticek of

| ] d |
Profoved ot eyt e BB SHcPan fo-siricihaneds iy ARA BRBRIRLS ave
al so di scovef ffindh@ipst thfordB0ite! RBorRtor BNiich r{ﬁéxhdekueaetmﬁd ‘BEreVingespticanobl e

gases provides subst antial” i nprovenents w thout significant detrinental
ef fects. Xeelememteiforavypial Taser isfsirad}, abdut 3¢adnif shickingle QQSSdmewpbh throngh

vol t age and ef fici enc ar e V, F Th te | aser e~ci ency

decr ease |sth815?§8{‘at8r F‘%%‘S’Fﬂﬁ@rﬁﬁfhﬂwﬁ“}@ ﬁ‘ﬁf“@)%ﬁfﬂs B Vé¢he

gper gy Stabb}ll ty was not| ceably inproved for all xenon concentrations and
exhi bited a 'stight maxi num around 30 ppm This maxi mumis not apparent from
the drawi ng. All subsequent tests were per&‘lorrred with a xenon to

concentration of 30 ppm A) —L

r

Therefore, the single pass linewidth of the optical system should be, at most, a factor
of two higher than the final linewidth. In fact, time resolved spectral measurements
by Applicants fellow workers indicate that the spectral linewidth could decrease by
a factor of two from the start of the pulse to the tail o the pulse. Therefore, the
20 efficiency of converting the broadband spectrum to line narrowed spectrum (i.e. from

300 pm to < 1pm) of the optical system must be very high.



The energy versus voltage characteristic is givenin FIG 8B. The 5’30)@'?\!9}3’0[135
|l ower . with xenon over the entire range. The burst transients are conpared
in figures 8C and 8D. Wth xenon the energy transient is reduced,
especially for the first ten pulses, which nakes it easier on the i5 energy
algorithm A major inprovenment with xenon is found in the energy stability;
which is reduced, for all pulse nunbers. This is in contrast to the effect
of oxygen wihebommon techmiquef linhearreeving thetrFllaset &y, intrbdscingaabelengthes not
exhibit any reentrant, so the reentrant effect of xenon could not be

confirned witspersiyeoptinalplrpentsiythe resopgler. Shwedyrss of SURpersiys elsmentsegspr ant

shoul d occu b 0 (Not . sequ SES W nbers that

do exhibit ée ;%é%%t S’aﬁ[n?séf: gg% S %@n&&tﬁﬁgﬁi:ﬁ%ﬁg&p‘%ﬂ% @éoéﬁ%%%ggpé g@“u%_én &t

| east a smaplirondusifigitatich isithe! SAPIsRARd Ghbst Giffectie shearil IBREEMYowingal DSt
i ndependent of repetition rate (see FIG BE{, with the xenon m xture giving

consi st ent | technigue. Beshuseshe pratiog is 2 dispersivaglamegnt.dhe nerwidih id psepostional | i t y
wi th xenon s nost nof.iceabl e at higher Qulse.rates. At, 1 k the -15 ~-
5 SEIN 7.0 UifePeym SLuEEPTE T el HEnY RS Ramel) DL e R ed 1 0
di schar ge stalirkd entt ia pRefiriddesigh, £ BBisAak 8 3345M-Bédn Qgpﬁﬂgr i&'iﬂé&rﬁéﬁ! tage
power supply Tregulation. are using tw paralleled 5000 power supplies

wi th >3V of intthe feser resératato Skhegirafripal elementsofla pidfernmidind-sardowingaynedulen Fl G

8F. Addition of 30 pm of _xenon reduces .the dose 5 error by apout_0.1% This
i s a subst afEiSEPWRIDFYehe ese ipsludes LA ﬁei%ﬁn%ﬁ‘h&fyn@sﬁamse%%and
raneters I -0f i I : i 1 Q
ot onal 1 9 Stei g, JoF Tn@Siluih K06AT0 chidiRheWaleBBubINRE KB o, 1,
However, this was nost likely an artifact produced by the fused silica beam
expanding prisns. It takes nore tine to generate a xenon |0 m xture, which
allows the prisns to cool dowmpres eofral Pemoimaniee were 0. 65 pm FWHM and
1.90 pm 95% The |inew dths woul d possibly be narrower with CaFZ prisns
because of better thermal properties. A conparison of the tenporal profiles
at 10 mJ OnggﬁézﬂstdxﬁtﬂéﬁMBWoﬂkﬁrsﬁia% d&§znedNBui nd RRSHARRR KIF XkéihRr
exhibits a typical waveform for higher charging voltages (667V 30 ppm Xe,
6S 1 V w o Ddsdr, eqhipmentelapable ofj exeeting finaividthiskecificationk of 050 pruraa FIVWHM Fr om
this, one would

xpect a larger. |inew dth w.th_xeno whi ch S nqt-
obser ved. r?ﬁ%/éﬁ’géé‘? e't‘ﬁgygl?fth"e:laéﬁ’b cam vathjn 2, pro plhesg gesults have deerct  one
ticul f t el I fg BT ded.
b Lpat o aponalidl 4B, Blikestand 67 BEHaRY REmBER 1ok 30 WAfion DRRRE 0. 4
why in suchpvird thantRnsyaémols? casabie i ofs ba@itindoas gserfegthahye obigigny thitge t he

peaki ng capacitor voltage Vcp (FIG 8H). For the sane charging vaoltage Vco
of 650V, gaspepificatiensayestheniosmal kifs afihe equipmentiwvith usyal maiptenance. These

obvi ous explanation i S LNRLo - oni.zat ioni.zed,b

P oht shor Liss O feRtbsdet ob TRDAKESaBl S0 Al RoncHboy A5030e SRR AEpkll bifa oY |,

_?_Ed 2f5 58 néﬂciﬁléﬁlalﬁé}gleé&ﬁioyogﬁ- S. Taylor, IEEE JQE v. 31, p. 2195, 1995).
erefore, xenon -

20
In order to achieve this improved performance Applicants have improved both the
laser equipment and the operating parameters of the laser.
edu uorine Consu
In preferred embodiments of the present invention which have been built and tested
25 by Applicants, great care was taken to eliminate materials from the discharge
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- i J Il N 2003 can use a large part of the corona |ight that ottfeyyisgys
woul d just be transmtted. Even at 30 ppmthe xenon concentration is seven
orders of nmagnitude |arger than typical pre-ionization electron densities.
Thi s means, the anount of xenon atons is not a linuting factor. The
absorption cross section of xenon is 1500 cmi' which translates into a 50%
transm ssion after 5 cmfor 30 ppmat 315 kPa. This would explain why

hi gher xenoshamberghatconswneflaerine ddworsreiconsuspptiontine ddwhange (chagnberi is da¢ r eady
bei ng f||te out ver he Pl her e a .e_ot her..scenari os
possible | ke paRteieRor i Faleiels o e et TGk eeathies DPGAIL Bradbhe

potenti al Ofcoiiﬁﬁﬁﬂantg hivRichNRABIY §h - ddtéridphiidte bEdaly ﬁe?ﬁ)r}n‘éﬁ‘éé?oﬁﬁe&%la% on. 1
o Another possibility I's a change in the spectral content of the corona

-1 ght, whi clmimirgizedhsrinervehswnptiors fthis piraferred efrbotiméritandiide teer fptlodmg ai ni ng
xenon visually ears much brighter, primarily due to yell ow conponents.
Bétter pre- ?B?ﬁlg%tgaﬁ-ﬁeﬁay al so help the nini num cl eari ng ratio (a measure
of gas flow between el ectrodes between pul ses). There is a very slight

i nprovenent for 15 |lower charging voltages (FIG 81). At 650V (1OmnJ) 3800
rpmis barely enoughchhmbef @4BEareddyMimSbd esatedwith Agckend dose stability

i nproves when going to 4200 rpm At 800V arcing is much nore severe,

al t hough | ar gel y Thgplenizadesiatsbrasisi ps.  Xenon Effects Survives Refills Very

early in the exper a_stran henonmenon was encountered: the
beneficial 20 eff¥ Lfn bqt'lhé‘ﬁgﬁa?d‘%ﬁlg%%&?efl Il's. Due to this, detailed
studies on the i njdIABREEOEIICEBRANRX 88d IHEAN cGAPARINM. M ati on becane difficul t,
or .at least time consumng. What is happening is that after the | aser was

mqber ated with a mnnmmmmpphmmsgpmfertednnsmmmfarial ed without xenon, the
energy stability would stay at a |low | evel. Not as good as w th xenon, but

somewhere in bet v@ébﬂecm@%}?o@ﬁerﬁ P’&Y&@@l%?§°ﬁ@i‘éeﬁééﬁ‘ﬁﬁ%ﬁ]&i 17 - ~, |
J ?d Q03 to help un gpg ﬁ]ﬁm his nmenory effect. The
di fference 'in dose sggéﬁ}l é&?\%g%&: ‘;Lﬁeﬁt%(oé’non free m xture and a
pre-conditioned kgt Gnit $s &Weh Lﬁx&'f’ﬁ/ma'grﬁﬁtﬁ:aﬂyfcf)ﬁﬁﬂ@dlﬁﬁ)tbﬁlobﬁll@d%ﬁﬁide to
al l ow any hard concl usi ons, so onlg sone general trends can be outlined. 5

There are two possﬂhﬂsﬁalﬁéélscbﬁrghé bqroﬁlqgwsrmraﬂntﬁclwwg in,, the

anber or it altars the L a o Suc n, alteration
B0l be_smot hi F3eE BrudAre breorEersines SEpiiaditiov e RORRRE, *, of 1
after a xenon filchnMasnaRer at ed for four hours and 2 mllion shots w thout
| osing good stability. Four to five refills, however, with nmuch fewer shots
and i n a shor t Aftet assemblypfiieathainpebisipagsivated whithrfhwrineack to nornmal. 10 This

rat her supports the theory that xenon stays in the chanber. The sane
conclusion is drawn fromthe fact that sinply filling with xenon and never

firing the laser also heé&ﬁlcﬁﬂl@ﬁfﬁﬂéﬁgﬁalfﬁ%éﬁne %@hﬁ%ﬁoﬂo energy stability,
the operating voltage is ITETY 1 nde vious history. This
means that not a | arge percentage of the xenon can be carried 15 over to
the next fill, There are different ways how xenon could remain_in the
POser. This preferred embodiment requires substantial changes. in operating procedures and
parameters of the laser system in order to achieve the desired very narrowband
output. The fluorine concentration in reduced from 0.1% (30 kPa) to about 0.06%
(18 kPa). The total gas pressure is about 300 kPa. (The Kr concentration is
maintained at the prior art level of about 1.3% and the remainder of the laser gas is

25 neon.) During operation, fluorine will be gradually depleted. Constant pulse energy

is obtained by gradually increasing the laser operating voltage in accordance with

-11-



Since xenon is a very heavy gas it may collect preferably on the SogtiNoppgr
i n~the MFT when the blower is not running. In that case, it should be
renovabl e by punping the chanber to a pressure nmuch | ower than what is
avai l able with the nenbrane punp. This still did not prevent the nenory
effect. Which woul d suggest 20 that xenon gets trapped due to its |large

size in porols ARGEMHNdRsO" InfeéiotR! of Gafixiufe OFENGHMPShd deshendegagenon
Tgst FIG é’l presents an exténded run in 2 kHz node with a 30 ppm xenon
m xt ure. Npedadiaalby @ypivally alihtervals sfcaboux & oA hoars) tdineke sp ifie@r the depleddmt ement
how wel | the chanber -1 8 03 .can perform The total

~ T, T N 2003
pressure diof fiyering inaceardanea withgethneauessvell pewn in B CHNSHIRPE 5105 aftor ¢ he
first 2 hoyg ttﬁﬁ' fledfife bfé%idd}ﬁa %&n,}é}ﬁm i §d x%kérhﬁ? Mm@&%%mﬁé’ the
normal trend of decreasi ng i new qt or decr easi ng fluorine concentration
i5s obser vegandddMetieentabsut! 0.085%Ghd 0003946 abd thel cpesttihigoaiaga ivimaittained
stabilizes after 3 5 inj ects. The voltage continues to increase and al so
only st abi Withis asfareespending sangs. anprorraaif (o cediniimcorstarieulsenencrgit hFaat a t he
voltage increase is nost likely.not due to any j ritie si mply
because t hé"x?f‘?‘RFeu Fed B‘@?%‘T‘Tde%‘ﬁgédlm.t g&&aéag[eh\@s\/%'fwahs *Oj?(gytlpgﬁs ed the
injection intervals shorten because the discharge is no |longer blip-free.
10 During the test a fantastically |ow fluorine consunption rate was
observed. | mediately af {leerebdeciniReéfidctivity fod Quape er unni ng for an
incredible 15 hours and 28 nmillion pulses without injection. In sumary,
this test shows that with an addition of a small anpbunt of xenon to the gas
m xture a : i £ hi W i : ' i dt h
and 15 dosdd SrSBTTreA EQBoBRRAR of o biok e RAEIICAL 1oV BY T THE QUL
b~~, e Gas Addplet HaSbden iAticadsdsomAihiout ¢0%98 whivhvewas opiltat of priex pRMmaremt S Wit h
very small quantities of Kr and Xe added to a typical ArF gas m xture. (A

typi cal i oand excinezdesers © aiwut d0%k. | Phistwarodonedto kelp mpke ugder thedoshef r est
neon.) Both Kr d Xe substantiall ed d the 20 average 3 sigma of the
aser) ¢ HESET eRierig s T bt Yed SR TGP oRPerlioBas Joout Bo6 About
6-10 ppm of Xe reduced 3 signa to about 4% (a 20% i nprovenent). For the
same i nprovenent with Kr about 40 ppm were required. -19 -~~-,J UN 2@
As with the KrF | aser the additives reduced the output of the |laser. For

t he sane di scharge vol tage pul se ene Qs redyced by about 1 % for each
ppm of Xe and about 0. 2% f oPWHERECLaIGYM hiyoneebusms\" g hom of xenon t he
pul se energy woul d be reduced by 8% and 40 pm of Kr woul d reduce-the out put
by roughly the same anobunt 5 about 8% Verv Small Quantity Oxygen Addition
FI GS. 14 amhelchmgrtinthd fe@eafvigosf tha otifpait sbuglefrbaci0%no 80% kad the effecf
adding m nute quantities of oxygen to the |laser gas. FIG, 14 shows a
ramati c r &fappresimagly daublinghg Vightpassingdhrough the king-parroyypg imaghle. olhes

m il secon%adf'n%% ﬁegF ggn%;zﬁgd b? W35 aditional illumination in the prior art fused silica

gt ( Ovey

prisms caused thermal distortion in the prisms. To solve this problem the fused silica
prisms were replaced with calcium fluoride prisms. Calcium fluoride has higher
thermal conductivity and could handle the additional energy without unacceptable

20 distortion.
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1 o shows that the 3-sigma variation is also dramatically reduced with the
addition of oxygen in the range of about 25 to 49 parts per mll4d 9n.’Jl'Ru§00§5

ppm produces a reduction of about 10%in the pul se energy and 49 ppm’

produces a reduction of about 20% Applicants have determ ned about 5 ppm
provi des significant inprovenent in stability w thout significant

detrinental effects. 15 Arg,,on El uori g§ bas_er - Elimnation of Gas Refill
Syndronme with Oxvg_en Appli cant s B ed that the addition of
oxygen al so i nproves performance of very narrow band ArF | asers. Applicants
have identified what they call a gas refill syndronme. They have di scovered

that i medFrg.aloydesérites therlaioniBiptiteweabsierataf voltagl, idrineedoncaiafdijoyy band
| aser, the laser performs very poorly in that the pulse energy 20 and | aser
energy i s andmiseanergyl. yThie grapbc om\xgat@s,thgﬂuemn@mndengatmmdww@s, thehe next

.corning the |aser rf.orms wthin.specification. 2 - J 1l N 2003
This gas rENHER SHEPGBCRES LY FHARY UF EROTREoURI BEHD B BSF BYemel y
smal | quanibbitver iPNEBRRUEDR cifbodRAtht the bpck BAfiloh BE lopBlatih; OBlagl WS, L he
preferred laser gas mXture for the very narrow band ArF excrmer Taser is:
3.5 percen80¥ghs Nofe.thatpeitlc a10% Ruanputeoidpldr parlbseptefluorinel doavemrayigan

remai nder neon to_ 3 atnospheres. Additignal guantities of, oxygen were added

but the oxSRJESFPAREIPSIte AN IMRINPTIOIN meldhbe 3b diprt vaxich PRIRkHCOPSIAUBET ect .
Recommndegol%gg t%@o;l%%%%gg%'%o@@&. *iﬁxgwéw‘&f@ga QQ‘;/ {g‘@ﬁpﬁt éo%gPefi; en

about 2 to -a ommended Tanges o aser ess

than about fl3&rihe céfcdipratioRessuidedrduted §6 2s Abwkas BB6ut/AP0- kPaswhile sélll ess
t han about 40 ppm and recommended Xe ranges is | ess than about 10 ppm

> PPl . > . p
1Addi t i onal mAgdainixgsal O nlipule en¢rgy witk thenepesatifgoyoltage sy slighply vader $0Bave
confirmed {hat I antities of oxyge refera less than,.10 ppm and
arml 1 quantPed Tor 1t gl 1oL e st reBeine e o Eencetintrn gh A
| aser perf RdRRR mékhfddsh FVHRE b 1ok 0 RN Rlencl i 11 Bortf QMtinbBRGuRL CD 15
the best additive. At very |low pulse repetition Ttates, the oxygen additive
performs natcl900d2 sd fd_néﬂO)pirthbursts and 1000Hz. For this particular test the output
pgupler had a 25 % reflectivity. Typical laser pulse shapes for prior art KrF systems
15 and these very narrowband KrF lasers are compared in FIGS. 12A and 12B. Note
that with t'he very narrowband lasers, energy is shifted to the latter part of the pulse,
whicl;,represents photons, which have had the benefit of more trips through the line-
harrowing module. As aresult, the integrated pulse spectral linewidth of the laser is

reduced.

20 BURST MODE OPERATION

As indicated in the Background section of this specification, a typical mode of
operation of a KrF laser is a "burst mode" in which bursts of about 125 pulses are
produced at the rate of 1000 pulses per second. The burst lasts for about 125
milliseconds and there typically is a "dead time" of a fraction of a second between
25 bursts. Applicants' KrF laser contains about 0.017 cubic meters of laser gas and the

flow rate of gas between the electrodes produced by blower 10 is about 0.228 cubic
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20 however, at repetition rates of in excess of 500 pul ses per secqnd,,
péerformance is ah ¢ ~t the sane. Applicants have determ ned that at? I"fiU(f)JhZUU3
repetition rates of about 1000 pul ses per second to about 3000 pul ses per
second, |aser pulse energy is very slightly greater with the xenon than

wi th oxygen of like quantities and with -21 '~ ~J 1J N 2003 equi val ent
other conditions. Tests have al so shown in both cases pul se energy output
decr eases wnetars per secondg Thiscwauldaimplpisa titakgasheirculdtiarh #medaf abaws75 Based

t he 3000 | d ti [ i ts. | yde that t
ofrect of SalitheRRoRBpwREESHon e chaBoe 8 e £ORBifGER 2ot Sori i .
Appl i cant s'gak @tSlafta YfuchiRi¥ket MThe SRR B?lﬁ{e é&g%&@é@ﬁg&gﬂ&ﬁdﬂeﬁ Rabsenan

additive at” | ow pul se rates can be greatly mnimze y mai nt ai ni ng cool i ng
wat er f | owrétersupgr setrndcarshthe rA ppdmaneestimatpethat thhifastesegad makasithe srip in

5P det 1 oA S0 miliSeongs: APPHEHTG A RIS(aVSTeas S8 PSR hETSrca BY Lo
t t t-a.- LS. o .reduced
subbtant | anig: OHEESHERBusAAR il Fhif de citbeis Shipn bR RuREIIEC

tests. Fl Gpldbosipuise dreegy Ssruédch off than 281 fulbessef a opscaAtbung ¢t 123 pildess kHz
pul se rate with 70C gas tenperature. FIGS. 17A and B shows that the xenon

addi tive prayeraged aver §Rtbuystpp Thereigsllargssepprofimiten thenfinghpulsp and anether at e

th th addgiti FlG, 18 d { th I titi t

bt obl e wi SHEEHUP AN FEALTL AT §5u s 2dr Pabtecapas, Dongte bt bR | o ¢ he
@as pat h. Frgs Bl 8 eRerhelyd65rodhdIBR AR McStitgldTeheSMphd iApréptrtibh ffthe BYRST

MODE OPERATI ON' "and shownh i'n FIGS. 13, 14 and 15, operation of the laser in
a burst nodpeedsApphcants ddhpotkndvatherexant caubeioSthinfide40 ssllisesonids of vetyug

o e ol Bl B A BRSPS "
o e, U BRE| anet Tt AL e AR oo

produce evahe BRtirédesisblastedavitie] 6,00Rto 20,060 vblisdubing teJirst falise dOthedhist B
shows the effect on an ArF | aser operating at a 2000 pul se per second pul se

Wate pre- pdewanilses. fhe gas passing hehucen the elestrodesrdiring theyfrgt RAmpillissgpndses no

o e~ Pl S iy A0y b R R BB 20 BRI, b Bt Rt 20,
chart 5 lnchtﬁﬂi%ﬂmetﬁl@i Fpﬂ%@beglilnges tpa&,s Bk BetwébrPgie *etrolés. t ABePhbsif Ut s the
slug effect in half. Fromthrs data Applicants recommend about 1 to 10

pr e- pul ses milliseconds dntottbe buestpilwegas an dheatasarvisithonoughly mixedraadishe stugas an
alternative, 'Iéh 1568;5” es- pul ses will produce a slight inprovement in energy
stability fifschgisa ‘node operation. Sinular beneficial effects on energy
stability with pre-pulsing in KrF | asers has also | o been observed by the
Applicants. Although this very narrow band | aser has been described wth
reference to particular enbodinents, it is to be appreciated that various
2dapt ati ons and nodi ficati ons mayGaS ABJATHEEShe i nventf on. Al though
Applicants did not test radon in its |asers, they 15 have concl uded that
very small quantities of radon gas would inprove energy stability w thout
subst anti al g@g@gnlt e t $ieirRRY0H Pﬁg‘! aQisthveréd | BAi Z&ibkaaRaRANY

ot her nobl eiX S an% F?&éﬁl ﬁgt ggérhnﬁﬁ oné(?q .t}s“é’g corrp‘(l)efrm.d.s w th %I uori ne.
Ther ef or e, iniprohemertts in kesex peadormanct lvan Kefredliedrbyathd akdditipnoot veny tshellAr F and

KrF lasers aid preiaonization. Applicants expect that the best concentration
for radon vaHangitisa of selected gases. Prior art teaches that about 10 to 50 ppm oxygen

improves energy stability. However, these quantities of oxygen produce a decrease
25 in the power output which tends to outweigh the improvements in stability.

Applicants have discovered that quantities of oxygen smaller than 10 ppm provide
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20 simlar to those di scussed above for Xe and Kr. For exanple, Souxtds2ei3
oxygen can be pure oxygen or any of the oxygen referred to in U S. Patent
5,307,364. Also, the source of eYyoen could be a solid such as al um num
oxi de or potassium which could be contained within the chanber environnent
and the oxygen em ssion, could be controlled with tenperature. The

per f or mance . . [: ifives of the
types and qusz%rflﬁérl _e@s I(T?{el% 8?%%ﬁé@%¢gﬁ%é% \f{gtg%er%é?’lsg nggé%%tﬁt I%glpﬁglanftszs
~ 1 J hl 2@8e aistidiskbvdred tHie the Zddfieh 6f VeryaseilBq@sicies BEReaARGOBIEXEePt t he
‘preferable laser gas is a mxture of about 0.1 % Fz and the rest helium An

Fz | aser wi torovides substpatiabumprovements vatwait sigadfi¢ant Setrimzdntalieffe08/ 237, 446,
filed March 19,1999 which is incorporated herein by reference. Therefore,

‘'t he scope of the invention is to be limted only by the appended cl ai ns and
their legal equivalent. -24 - 5 JXH)&')%QQ%\% AIMS ' WHAT IS CLAIMED | S:
1. A gas discharge |aser conprising A a |laser chanber conprised of
fluorine conpatible materials and containing: (1) two el ongated el ectrodes;
5 (2) at least one preionizer; and (3) a |laser gas defining a, total
priessure andhegitsict ebxenon additivesonppsratingwoltage gad eHiciencynue giendalGand a

stabilizing i . ] bAabl | § zi ddi 1| bei ng
chosen f romgggﬁ’)éu}é?%gﬁllg% egt% ?i;lléglgg& &%%}"ggrﬂg %I?Oﬂt g‘sls% /?Rsljni _ﬁbﬁg"ﬁ?ﬁeﬁﬂ‘é %gdl. ' a
quantity of jg xﬁﬁc%ibil;r&hmﬁeg@r&_rw'%ili?{ RR8Vh@icehBigNimpioYed | fof taln@Bh¢h gas.
2. A Laser as in aiml wherein said first noble gas 1s krypton and said
st abi | i zi ng caddéntiations and exiihited 8 sHghtanaxiseim asound 30 ppm Thysmexinus is d
first noble gas is krypto nd said.,stabilizer additive,.is radgn. 4. A

| aser as i n ™% APhrent iemdhin detyiner AL ibisarnt josts Merepctrmed qvidhg yetor
sfeabi I'i zi ng c%ﬁgérft}a‘ﬁ%nio?ﬁg%ﬁ{.on- 5. Alaser as in Cdaim1l wherein said
first noble gas I's argon said 20 stabilizing additive gas is xenon.

"}il:lé‘qnergy versus voltage characteristic is given in FIG. 8B. The energy is lower

‘with xenon over the entire range.

The b}xrst transients are compared in figures 8C and 8D. With xenon the energy
iranéient is reduced, especially for the first ten pulses, which makes it easier on the
15 énefgy algorithm. A major improvement with xenon is found in the energy stability,
which is reduced, for all pulse numbers. This is in contrast to the effect of oxygen
which only works on the reentrant. In fact, this chamber does not exhibit any
reentrant, so the reentrant effect of xenon could not be confirmed with this chamber.
For a blower speed of 4200 rpm the reentrant should occur at about 20 ms. (Note,
20 subsequent tests with chambers that do exhibit a reentrant effect confirm that 30 ppm

xenon does produce at least a small reduction in the reentrant effect.

The laser energy is almost independent of repetition rate (see FIG. 8E), with the
xenon mixture giving consistently lower values. By contrast, the improvement in

dose stability with xenon is most noticeable at higher pulse rates. At 1 kHz the
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-25 -~5~~N-~DD3 6. Alaser as in Caim1l1 wherein said first_ E
i s argon and said stabilizing additive gas is radon. 7. A laser as”i ‘J%@aﬁn
| wherein said stabilizing gas is oxygen in a concentration of between 2
and 7 parts per mllion. 58 A laser as in Claim1l wherein said exciner

| aser is a narrow band excinmer |aser and said fluorine has a parti al

Pager s i n ERIPKORSISTEP ARy OB t?qtd&y egéiﬁ{rﬁﬁaé’ oo abhgen
fl 8
reflectance of 81% I’Fﬁx%tda%?a/e uttiofah@ht r| S pg\;&,‘étg{ﬁf ilur?négf%rlat?& 'Wqu ' mA

wherein said at [east one smo IS C uor i de

narrow band asfg 6 pMIeredmOOrpoﬂeawppﬂneméww af ditastTherdbspriabdilitysnt hr ee
prisms, all conprised of calciumfluoride. 12. A narrow band excimer | aser

as in O ai m 82Mkampde isdisplayediinIF1G 3% Additign of B pm ofexenen redyices therdose 06

percent of the t ressure. A _narrow band excinmer laser as in
Clgc:il m 8 wher &R @Ya?%m'gg%‘o%'e earsu%gtagﬁalwrov)?g}eﬁér | aser and the

concentration of oxygen is Iess t han Sppm -26 5J UrJ 2003 14. A nethod
of operating a gas discharge |aser having two elongated el ectrode, at |east
one prei oni zbio effatt af kermy ogjamy othnpbem@a@memra(ﬂpanel profiles andilivergedeer

gas, said nef.hod, ris e ste - A a to the |aser asa
Jrabi T 21 g IAAERRES St SRy, it appbarEd tha hehSn mmikures Blodde

narrower linewidth. However, this was most likely an artifact produced by the fused

silica beam expanding prisms. It takes more time to generate a xenon

10 mixture, which allows the prisms to cool down. Recorded linewidths were 0.65 pm
FWHM and 1.90 pm 95%. The linewidths would possibly be narrower with CaF,
prisms because of better thermal properties. A comparison of the temporal profiles
at 10 mJ of energy is displayed in FIG. 8G. The 30 ppm xenon mixture exhibits a
typical waveform for higher charging voltages (667V 30 ppm Xe, 651V w/o Xe),

15 namely larger initial spike and shorter duration. From this, one would expect a larger
linewidth with xenon, which was hot observed. Nevertheless, the differences are very
small and only reflect one particular shot. Unfortunately, no averaged pulse profiles

were recorded.
ation o sults of Xen est

20 So why does xenon help at all and why in such small concentration? Some insight
is gained by observing the peaking capacitor voltage Vcp (FIG. 8H). For the same
charging voltage Vco of 650V, gas breakdown occurs 2 ns earlier with a xenon
mixture. The obvious explanation is improved pre-ionization. Xenon can be ionized
by light shorter than 93 nm whereas krypton and neon have thresholds of 85 nm and

25 58 nm, respectively (R.S. Taylor, IEEE JQE v. 31, p. 2195, 1995). Therefore, xenon
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5 group consisting of oxygen at |less than 10 ppmarid a quantity‘byug gg@le
gas which is heavier than said noble buffer gas, B) operating said |aser at
a repetition rate of at |east 1000 pul ses per second. 15. The nmethod as in
Claim 14 wherein said laser is a KrF |l aser and said noble |10 buffer gas is
neon, and said | aser gas also conprises krypton. 16. The nethod as in Caim
15 wherein said stabilizing additive is oxygen at |ess than 5 ppm_17. The
met hod as i ¢antisgiadargs paih ef &ewomadlgbt thiat othervwase wendd fusy be trgnsreiited. Evehess

than 50 ppm, 15 18. The nethod as.in C aim 14 wherei ajd laser is ArF
_laser and s%iiP PRIBithe B‘Eﬁqne‘i‘mﬁ%t_rﬁ?nﬁ@ﬁ%‘fené’ﬁ%ﬁ@gfﬂlagagﬁe {j’ﬁ%eri‘ﬁ%t@b_ rises
argon. 19. Jhe RBLAGH eRetroR dehaitils. 18nidheda8k the aiddudt 8Pk A8nRYLbt ¥€ 1S
oxygen at less than 5 ppm 20. The nmethod as in Claiml S wherein said
. stabi | i zi nglimititig favter.i Theabsorption @0sslsestiont dfaensOIPHHA0 erd? whieh-translatas r ~

~00~ 21. The net hood as in,Caim20 wherein said stabilizing additive is
x&non at | edo 8 A8 tanspyssiomatter fiean fRrdAgpmat 119 I@Baaﬂhlwqw?fb%ﬂﬁlns\ahn pul se

repet it 00 fih Icho LERLAat AN 2RO AULAE R REANTa S SeirliudiEl NOd 25

in Claim?2 éreln sai aser gas nes a nom n atu circul at ed
past a cool irareey eBEto tRRIPIttabdled at a tenperature substantially |ower than
said nom nal tenperature. 24. The nmethod as in Claim 14 wherein said |aser
is an FZ | aser and said noble

There are other scenarios possible like faster current avalanching due to the lower
ionization potential of xenon. This, however, is hindered by the low concentration.
10 Another possibility is a change in the spectral content of the corona light, which may
have beneficial effects. In fact, the discharge containing xenon visually appears much

brighter, primarily due to yellow components.

Better pre-ionization may also help the minimum clearing ratio (a measure of gas
'ﬂow between electrodes between pulses). There is a very slight improvement for
15 lower charging voltages (FIG. 8I). At 650V (10mJ) 3800 rpm is barely enough to
pre;rent down-stream-arcing and dose stability improves when going to 4200 rpm.

At 800V arcing is much more severe, although largely aggravated by blips.
eno ects Survives Refills

Very early in the experiments a strange phenomenon was encountered: the beneficial
20 effect of xenon survives refills. Due to this, detailed studies on the influence of the
exact xenon concentration became difficult, or at least time consuming. What is
happening is that after the laser was operated with a xenon containing mixture and
refilled without xenon, the energy stability would stay at a low level. Not as good as

with xenon, but somewhere in between. A number of experiments were conducted
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buffer gas is helium 10 25. The nethod as in Caim24 wherein said
stabilizing additive is oxygen at |less than 5 ppm 26. The nethod~as JUKN 2003
Claim 24 wherein. said stability additive is xenon of |less than 50 ppm 27.
The nethod as in Caim14 wherein said | aser is operated in a burst node
with at | east 100 pul ses per burst. 28. The nethod as in Caim27 wherein
said | aser defines a gas transit tinme, each burst defines a start tinme and
prior to e@diclpunderstand theseachpsispy of gus swanamyteifest. Thashfferencepin dese sai d
at |l east one pul se being tinmed tq occur not earlier than.the gas transmt
Li me pr i or LRIy BETREED 6yl egon dieg iy and pre-condiniopedimivggia s 08y The
method as ¢ Bséd, aris ZRAWRREES ictPdfaltto hﬁa@tm@%agbﬁaugm,%so&ma | even
pul ses. 30. The nethod as I1n Claim24 wherein said at |east one pulse is
timed to ogenetalatends cdrDbersuthinedr to the start time of each burst. 5 31. A
met hod of operating a gas discharge ArF | aser having two el ongated

el ectrode, at |east one preionizer and a | aser gas conprised of fluorine

gnd a_nobl 1 By bl AR, TBRARL SATRLLRLAY shiE P hERBaRher OVn alaln Lo

the | aser gas a stabilizing roma group consisting
of oxygen gk chagbertihatonkJagip wayl Sudhu@indlieraticdf coaldlbt sindtRingas cléhhipl i S

heavi er than said nobl e buffer gas, B) operatm said |laser at a repetition
i

rate of | eekelediepdes onpindamsed’ fest refilbaftera xopondilhwas epaeted dorffounbewrsgas
o roul at i rpeanapseie SabeRElaste thofh PR ET EauRE® fuf Hetlfrbdvardk i
tenper at ur g, e Rste Shdt8 hhd inl PRtel HATR RRIetER Brify the SRREBR BHEE 0 ofMal.
10 This rather supports the theory that xenon stays in the chamber. The same conclusion
is drawn from the fact that simply filling with xenon and never firing the laser also

helps subsequent fills.

Contrary to energy stability, the operating voltage is entirely independent of the
previous history. This means that not a large percentage of the xenon can be carried
15 over to the next fill. There are different ways how xenon could remain in the laser.
Since xenon is a very heavy gas it may collect preferably on the bottom or in the
MFT when the blower is not running. In that case, it should be removable by
pumping the chamber to a pressure much lower than what is available with the
membrane pump. This still did not prevent the memory effect. Which would suggest
20 that xenon gets trapped due to its large size in porous materials or virtual leaks in the

chamber.

tended Xenon Test

FIG. 8l presents an extended run in 2 kHz mode with a 30 ppm xenon mixture. No

data are available without xenon, so this is merely a statement how well the chamber
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U& ()-s &10% U&' ()-! &10%JUL ()-! &10% U U& ()- 10% U& ()-34
Heavy Noble Gas Additives in ArF Laser

Applicants have conducted experiments with very small quantities of Kr and Xe
added to a typical ArF gas mixture. (A typical mixture is about 0.08 to 0.12%
fluorine, 3.5 % argon and the rest neon.) Both Kr and Xe substantially reduced the
20 average 3 sigma of the laser. Without the additives the 3 sigma for the laser was
about 5%. About 6-10 ppm of Xe reduced 3 sigma to about 4% (a 20%

improvement). For the same improvement with Kr about 40 ppm were required.
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W& () -y- 10%,1&(0 504 108ach ppm of Kr. Thus, an 8 ppm of xenon the pulse energy would be
reduced by 8% and 40 pm of Kr would reduce the output by roughly the same amount

5 about 8%.
Ve ma uanti en Additio

FIGS. 14 and 15 show the effect on the slug effect in a KrF laser of adding minute
quantities of oxygen to the laser gas. FIG. 14 shows a dramatic reduction in the
energy decrease occurring at about 22 to 35 milliseconds into the burst. FIG. 15
10 shows that the 3-sigma variation is also dramatically reduced with the addition of
oxygen in the range of about 25 to 49 parts per million, but 25 ppm produces a
reduction of about 10% in the pulse energy and 49 ppm produces a reduction of about
20% Applicants have determined about 5 ppm provides significant improvement in

stability without significant detrimental effects.
15 Argon Fluori aser - Eliminatj fill S

Applicants have discovered that the addition of oxygen also improves performance
of very narrow band ArF lasers. Applicants have identified what they call a gas refill
syndrome. They have discovered that immediately after replacing the laser gas in an
ATF very narrow band laser, the laser performs very poorly in that the pulse energy
20 and laser energy is substantially reduced. However, after setting overnight, the next

inorning the laser performs within specification.
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quantity of oxygen such as about 2 to 3 parts per million. us, the preferred laser

gas mixture for the very narrow band ArF excimer laser is:

3.5 percent argon
5 0.1 percent fluorine
2-3 parts per million oxygen

. remainder neon to 3 atmospheres.

Additional quantities of oxygen were added but the oxygen addition beyond Sppm
had no significant beneficial effect. Recommended ranges of oxygen in both KrF and
10 Arf lasers is bet\;veen about 2 to about 7 ppm. Recommended ranges of Xe for KrF
lasers is less than about 30 to 40 ppm. Recommended ranges of Kr for ArF lasers is

less than about 40 ppm and recommended Xe ranges is less than about 10 ppm.
Additional Test Results

15 Further testing performed by Applicants have confirmed that small quantities of
oxygen, preferably less than 10 ppm and small quantities of xenon also less than

about 10 ppm substantially ArF laser performance.

Extensive testing, however, has not confirmed which is the best additive. At very
low pulse repetition rates, the oxygen additive performs much better than xenon;
20 however, at repetition rates of in excess of 500 pulses per second, performance is
abcut the same. Applicants have determined that at high repetition rates of about
1000 pulses per second to about 3000 pulses per second, laser pulse energy is very

slightly greater with the xenon than with oxygen of like quantities and with
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O- Oequw(a}enrtnot}ler con]ag)tions. Tests have also shown in both cases pulse energy output
decreases with increasing concentrations of either of the additives. Based on the
3000 pulses per second operation, Applicants conclude that the effect of Xe at higher

repetition rates is more pronounced than with O,.

5 Applicants’ tests have shown that the poor performance with the xenon additive at
low pulse rates can be greatly minimized by maintaining cooling water flow through
the chamber heat exchanger. This result causes Applicants to believe that the
discharge creates a molecular species which is detrimental to laser performancew but
that by maintaining a certain temperature of the chamber, about 60 to 75°C, this effect

10 can be reduced substantially.

FIGS. 16 through 18 show the results of these additional tests. FIG. 16 shows the

results of an ArF laser operating at 2 and 3 kHz pulse rate with 70°C gas temperature.

FIGS. 17A and B shows that the xenon additive provides slightly more stable

operation at high repetition rate than the oxygen additive. FIG. 18 demonstrates the

15 low repetition rate problem with the xenon additive and the effect of having a cold

sink in the gas path.
Pre-Pulsing

As described above in the section entitled “BURST MODE OPERATION” and
shown in FIGS. 13, 14 and 15, operation of the laser in a burst mode results of the
20 laser in a burst mode results in a slug effect which is related to the laser gas
circulation time. Applicants have determined that some of the adverse effects of the
slug effect can be minimized by pre-pulsing the laser. This involves providing a few
pulses prior to the start of each burst. In general only a few pre-pulses will produce

even better performance.
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From this data Applicants recommend about 1 to 10 pre-pulses 20 ms prior to the

burst and at 10 ms prior to the burst as an alternative. These pre-pulses will produce

a slight improvement in energy stability during burst mode operation.

Similar beneficial effects on energy stability with pre-pulsing in KrF lasers has also
10 been observed by the Applicants.

Although this very narrow band laser has been described with reference to particular
embodiments, it is to be appreciated that various adaptations and modifications may
be made to the invention. Although Applicants did not test radon in its lasers, they
15 have concluded that very small quantities of radon gas would improve energy
stability without substantial negative effects. Radon should be easier to ionize than
any other noble gas and it will not form long-lived compounds with fluorine.
Therefore, it should like xenon in the KrF laser and krypton in the ArF and KrF lasers
aid preionization. Applicants expect that the best concentration for radon would be
20 similar to those discussed above for Xe and Kr. For example, sources of oxygen can
be pure oxygen or any of the oxygen referred to in U.S. Patent 5,307,364. Also, the
source of ovyaen could be a solid such as aluminum oxide or potassium, which could
be contained within the chamber environment and the oxygen emission, could be
controlled with temperature. The performance of F, lasers should also be improved

25 by additives of the types and quantities described above. The F, laser is substantially
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5 appended claims and their legal equivalent.
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(1)  two elongated electrodes;

5 2) at least one preionizer; and

3) a laser gas defining a total pressure and comprised of a first

noble gas, fluorine, a buffer gas, and a stabilizing additive
of less than 100 ppm; said stabilizing additive being chosen
from a group consisting of: oxygen at less than 10 ppm and

10 a quantity of a second noble gas which is heavier than said

first noble gas.

2. A laser as in Claim 1 wherein said first noble gas is krypton and said

stabilizing additive is xenon.

15 3. A laser as in Claim 1 wherein said first noble gas is krypton and said

stabilizer additive is radon.

4. A laser as in Claim 1 wherein said first noble gas is argon and said

stabilizing additive is krypton.

5. A laser as in Claim 1 wherein said first noble gas is argon and said

20 stabilizing additive gas is xenon.
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dYne 6. A laser as in Claim ] wherein said first noble gas is argon and said
stabilizing additive gas is radon.
7. A laser as in Claim 1 wherein said stabilizing gas is oxygen in a
concentration of between 2 and 7 parts per million.
5 8. A laser as in Claim 1 wherein said excimer laser is a narrow band excimer
laser and said fluorine has a partial pressure of less than 0.1% of the total pressure.
9. A narrow band excimer laser as in Claim 8 and further comprising an
output coupler having a reflectance of at least 25%.
10. A narrow band excimer laser as in Claim 8 wherein said at least one prism
10 1s comprised of calcium fluoride.
11. A narrow band excimer laser as in Claim 8 wherein at least one prism is
three prisms, all comprised of calcium fluoride.
12. A narrow band excimer laser as in Claim 8 wherein the partial pressure of
fluorine is less than 0.06 percent of the total gas pressure.
15 13. A narrow band excimer laser as in Claim 8 wherein said excimer laser is

an ArF excimer laser and the concentration of oxygen is less than Sppm.
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group consisting of oxygen at less than 10 ppm and a quantity of a
noble gas which is heavier than said noble buffer gas,
B) operating said laser at a repetition rate of at least 1000 pulses per

second.

15. The method as in Claim 14 wherein said laser is a KrF laser and said noble

10 buffer gas is neon, and said laser gas also comprises krypton.

16. The method as in Claim 15 wherein said stabilizing additive is oxygen at

less than 5 ppm.

17. The method as in Claim 15 wherein said stabilizing additive is xenon at

less than 50 ppm.

15 18. The method as in Claim 14 wherein said laser is a ArF laser and said noble

buffer gas is neon, and said laser gas also comprises argon.

19. The method as in Claim 18 wherein said stabilizing additive is oxygen at

less than 5 ppm.

20. The method as in Claimr !5 wherein said stabilizing additive is xenon at

20 less than 50 ppm.
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5 23. The method as in Claim 20 wherein said laser gas defines a nominal

temperature circulated past a cooling element maintained at a temperature

substantially lower than said nominal temperature.

24. The method as in Claim 14 wherein said laser is an F, laser and said noble

buffer gas is helium.

10 " 25. The method as in Claim 24 wherein said stabilizing additive is oxygen at

less than 5 ppm.

26. The method as in Claim 24 wherein said stability additive is xenon at less

than 50 ppm.

27. The method as in Claim 14 wherein said laser is operated in a burst mode

’ with at least 100 pulses per burst.

28. The method as in Claim 27 wherein said laser defines a gas transit time,
each burst defines a start time and prior to each burst the laser is pre-pulsed with at
least one pulse, said at least one pulse being timed to occur not earlier than the gas

transmit time prior to the start time of each burst.
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30. The method as in Claim 24 wherein said at least one pulse is timed to

occur about 10 ms prior to the start time of each burst.

5 31. A method of operating a gas discharge ArF laser having two elongated
electrode, at least one preionizer and a laser gas comprised of fluorine and a noble
buffer gas, said method comprising the steps of:

A) adding to the laser gas a stabilizing additive being chosen from a
group consisting of oxygen at less than 10 ppm and a quantity of a
10 noble gas which is heavier than said noble buffer gas,
B) operating said laser at a repetition rate of less than 1000 pulses per
second,
(&)} maintaining said laser gas within a temperature range defining a
nominal temperature,
15 D) circulating said }aser gas past a cooling element maintained at a

temperature substantially lower than said nominal temperature.
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