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(57) Abstract: Anodes and cathodes for
use in generating gas discharge laser Sight
are disclosed. The improved anode has a
transition portion that includes a substan-
tially vertical sidewall to transition between
the active portion and the end portion to re-

402

duce erosion-related issues. The improved
cathode has thickened spine portions in en-
hanced erosion locations. The spine por-
tions are thickened by removing material
from the shoulder of the cathode stepped

cross-section profile in those locations in
order to improve the longevity of the cath-
ode.
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EROSION RESISTANT ELECTRODES FOR USE IN GENERATING
GAS DISCHARGE LASER

CROSS-REFERENCE TO RELATED APPLICATION

{0001} This application claims the benefit of U.8. Utility Application No.
14/872,018, filed on September 30, 2015, and liled ERQSION RESISTANT
ELECTRODES FOR USE IN GENERATING GAS DISCHARGE LABER,
which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002) Excimer lassr chambers have long bean emploved to generate
gas discharge lasar light for integrated circult thography. Generally speaking,
an excimer laser chambsr may includs a housing within which there sxist a
set of spacsd-apart slectrodes, 8 circulation system for clroulating an
appropriate laser gas (ypically under pressure) between the slectrodes, and
pulsing circuitry for pulsing the electrodes, The laser gas may comprise 3
mixiure of sullabile gases, incleding without imitation fluoring, keyplon, and

neon, for sxkample.

[(G03) For ease of referencing and not by way of imitation, ths upper
slecirode may be thought of generally as the cathode and maybe rapidly
puised with negative electrical signal pulses while the lower sleckrods, which
ray be thought of as the ancde, may be groundsd, This is 3 typical
configuration and vanialions may sxist and thus no Imitalion is intended by
this example.

[0604] Tha pulses across the slectrodes cause slectrical dischargs in the
spatial region between the slectrodes. This elecirical discharge sxclies the
laser gas 1o produce pulses of laser light for photolithography purposes, as is
wel known (¢ those familiar with laser-based photolithography.
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{0057 For background reading, US Palent 8 486,60281 and US Patent
7.301,88082 {both incorporated herein by reference} describe some sxample
excimer laser chambers and components thereof.

e &s integraled cirouit features bacome smaller and smaller, s
increasingly imporant (o maintain the gquality of the oulput laser Hight for
phoiolithography purposes during production. This is because variations in the
output laser light resul! in inconsistent exposure of the pholorssist hom die o
die and/or from walsr 1o waler. Since the slectrical discharges betwesen the
slecirodes erods the elecirodes over lime, | is important 1o design slectrodes
for longevity {a melrie for which may be maan time Detween service or BTESR)
aa well as for consistent culpul Boht guality over the lifelime of the slecirodes.

0071 The present inveniion relates to improved designs for electrodes
for use in axcimer aser chambers,

B2
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

{008] The presert invention is flustrated by way of example, and not by
way of imitation, in the fgures of the aocompanyving drawings and in which
tike reference numerals refer o similar elemsenis and in which:

{0009} Fig. 1 shows a simplified conceptug! representation of an excimer

laser chamber having spaced-apart upper cathods and lower anode.
{0810} Fig. 24 shows an exampile of 8 prior art anode,
[(011) Fig. 28 shows & front vigw profile of the prior ast anods of Fig, 24,

(12} Fig. 34 shows, in accordance with an embodiment of the
invention, an improved anode.

{00131 Fig. 38 shows, in accordance with an embodiment of the
invention, & cross section prolile that is taken along line B-B' of the anods of
Fig. 3A.

[LESITY: Fig. 3C shows, In acoordance with an embodiment of the
invention, a cross section profile that is taken along line A-A' of the anode of
Fig, 34,

[0B015] Fig. 30 5 a front view of the anode of Fig. 34 when viewesd along
the direction of arrow 382,

[6G16] Fig. 3& shows an example alternalive embodiment wheraby the
end portion of the anode of Figs. 34 and 3B may be omitted.

(G017 Fig. 4A shows an altermnative smbodiment whareas a portion of the
active portion is slightly tapered from the more planar active portion {op
surface Wwward the oo surface of the end portion.

[8018] Fig. 48 shows an allernative embodiment whersby the end portion
of the anode of Fig. 4A may be omitted.

(8019} Fig. 54 shows, in accordance with an embodiment of the
invention, a top view of an improved cathode.

pred
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(00201 Fig. 58 shows, in accordance with an embodiment of the

frvention, the side view of the cathode of Fig. BA

LEI2AY! Fig. 50 shows, In accordanse with an embodiment of the
invention, two cross section profiles 520 and 570 that are faken along lines [

¥ and F-F respactively of the anods of Fig. 5B,
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DETAILED DESCRIFTION OF VARIOUS EMBODIMENTS

[6022) Tha present invention will now be described in detait with
reforence o 8 few embodiments thereof as Husirated in the accompanying
drawings. i the following description, numercus specific delails are set forth
in order lo provide a thorough understanding of the present invention. 1 will
be apparent, howsver, o ong skilled In the art, that the present invention may
e practiced without some or all of these specilic details. In other instances,
well known process steps andfor structures have not been described in detad
i ordar 1o not unnecessarily obscure the present invantion.

{LERY; Embodiments of the invention relate 1o improved erpdable
glectrodes for use i generaling gas discharge lasers. More spscifically, ong
or more embodiments of the invention relale to improved srodable anodes for

use in generating gas discharge lasers.

(00247 i one or more embodimants, the erodable ancds is elongated
and inclsdes an active portion and an end portlon. The aclive porticn has a
thickness that is grealsr than the thickness of the snd porlion. A transition
structure that includes subsiantially vertical sidewalls connects the active
portion and the end portion. In one or more embodiments, the active portion
further comprises & nor-iapsred active portion and & tapered active portion,
with the thickness of the apered active portion baing less than the thickness
of the non-tapered active portion. The iransilion struciure couples the taperad
active portion to the aforementionsd end portion,

[GC25] Additionaily or alternatively, ong or more embodiments of the
irverntion relgls to improved erodable cathodes for use In generating gas
discharge lasers. In one of more embodiments, the improved erodable
glectrods includes an active portion and an end portion. The active portion
has first stepped oross-saction profile. The end portion has a second siapped
sross-section profile. The shoulder of the sscond stepped sross-section profile
is lowered to render a height of 3 slep of the sscond stepped cross-saction
profile greater than the haight of  step of the first stepped cross-section

peofite,

%11
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[(026] To faciliiate disoussion, Fig. 1 shows g simplified concepiual
representation of an excimer laser chambaer 102 having spaced-apart upper
cathods 104 and lower anode 108, This is a bypical configuration and
variations may axist and thus no imitation is intended by this axample with
respact o, for sxample, slecirode slectrical polanity or the relative spabial
grieniation {e.g., sbove ve, below or left ve, right) of the calhode versus the
gnods.

(o037} Cathode 104 may be enargized by negalive pulses while anode
108 may be grounded. The rapid negative pulses creale slecirical discharges
betwesn cathode 104 and ancds 108, The slectical discharge batween
cathode 104 and anode 108 excites the laser gas that circulales in bebasen
cathode 104 and anode 108 and generates laser light as a resull. The laser
fight may undergo additional processing using a variety of oplical componenis
and ischniguss 1o sventually be smploved 10 exposs the pholoresist on the
walers.

00281 Fig. 24 shows an example of & prior ant anode 202, Prior art
anode 202, In the top view 2004, includes an end portion 204, g roli-off
portion 208, and an active porion 208, Thase also correspond to reference
rummbers 202, 206, and 208 of the side view 2008, The active portion 208
represerds the porlion of the elongated anode where slectrical discharge
oeours by design, For example, an aclive portion of the anode may represent
ihe portion of the anode that is disposed opposite & structural featurs of the
sathode where electrical dischargs s designed to oceur. Limied or no
slectrical dischargs is infended for the end portion of the ancde. The rol-off
portion reprasents the ransition portion.

ja029) As oan De seen in Fig. 24, prior ant anods 202 includes an aclive
poriion 208 that has a greater thickness 210 than the thickness 212 of snd
portion 204, The difference in thicknessas may be about 3mwn, in an sxampls

implementation.

{0030 The transition between thicker active porlion 208 and end porlion
204 s implemeanied by rolloff portion 208, whereby the lop surface 220 of
active portion 208 tapers toward top surface 222 of end portion 204, This

3
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taper is represented by sloped surface 224 of roll-off portion 208, i is thought
that the use of 3 gradually sioped surface would eliminats or minimize shamp
physical discontinullies between active portion 208 and and portion 204,
thereby reducing discharge-inducsd non-uniformities. Dischargs non-
uniformities may Cause an increases or decrease in slectrodes erosion, leading
i unsven slactrode profiles alter long perods of use. These uneven profiles
may Hmil slectrode lifetime.

(00317 Fig, 28 shows a front view profite of anode 202 when viewed
along the direction of arow 250 of Fig. 2A. In Fig. 2B, front wall 252 of end
poviion 204 and sloped surface 224 are shown, As is typloal, top surface 230
of the active portion 208 has a domed profile.

[0032) Contrary to the commaonliy-held belisf thal 3 gradually sloped
transition between the active portion and the end portion would reduce
physical discontinuities and thereby would reduce the likelthood of nore
uniform erosions, i has been discoversd by the inveniors that the slopsd
franaition actually resulls in 3 sharpsr shape dus (o flugrine corrosion and
resull in short perdormance Hetime, A further discovery by the present
inveriors relales o the fact that aithough the sidewalls of the aclive portion
208 may be substantially vertical and the transition from the vertical sidewalls
of active portion 208 o domsd lop 220 is nowhers nearly as gradual as the
slope of sloped surface 224 of roli-off region 208, the active portion 208
possesses very uniform srosion properties. This is also counteriniuilive,

[(033] Generally speaking, sharp physical discontinuitiss leads i teeally
gnhanced slectrical discharges between the cathode and the anods, For
srample, a sharp protruding feature (L., protruding into the spatisl region
betwsen the cathode and the anode or simply above the surface of the
stectrode) may serve to unduly concentrate electrical discharge in iis vicinily,
thereby Increasing the elecirods erosion in that reglion.

{00347 Fig. 3A shows, In accordance with an embodiment of the
invertion, an improved anode 302, View 300A is the top view whils view 3008
iz the side view of improved anode 302, As can best be seen in side view
3008, mproved anode 308 represents an srodabls slscirods that is elongsted

o



WO 2017/058531 PCT/US2016/052001

along the X dirgclion. Ancde 302 includes a bass plane 304 that is paraliel io
the X-Y plane. Anode 302 includes an active portion 314 that spans of & firgt
portion of anode 302 along the X direction (he anade being symmeslrical
about & longitudingl center and only a portion of the left hall is shown). Active
portion 310 has an active portion top surface 320 and & firs! thickness 322
that is measured slong the £ direction,

[{135] Fig. 34 shows, for ease of understanding of the figures, the
raference dirsctions X, Y, and Z. These reference directions X, Y, and Z are
oritogonal 10 ong ancther and apply to side view 3008 of Fig, 34,

{0363 Fig. 38 shows a cross section profite 380 thal is taken slong fine
858 of getive portion 310, Thickness 322 of Fig. 3B is also shown in oross
secton profile 380 of Fig. 38, Sross-section profils 380 is taken along line A-
& of Fig. 3A. Thickness 328 of end portion 312 {which is less than the
thickness 322 of agtive portion 310} is shown in boeth side view 3008 and in
the cross-section profile 380 of Fig. 3C. The diference in thicknesses
between the active portion and the end portion (best seen in side view 3008}
aliows design enginesrs to more precisely delineate the portion of the anuds
that would undergo slectrical discharge since the aclive portion, being ralsed
and doser 1 the cathode when installed, would experience slechical
dischargs while the end portion, being further away from the cathods, would
gxpeience less or no efscirical dischargs,

(0373 With reforance o Figs. 3A and 3B, cross-section profile 360 forms
3 plane that is parallel o the ¥Y-Z plans. Analogousty, with refersnce to Figs.
34 and 30, cross-section profile 380 taken along line A-A is also paraliel to
tha ¥-2 plansg. Fig. 30 is 3 front view of anode 302 when viewed along the
direction of arrow 382, As will be discussed later hergin Fig. 3E, the end
portion 312 may be omitted antirely, in one or mors embodiments, without
substantially changing the invention.

{0381 A transition structure 370 having & subsiantially vertical sidewall in
the direction thal is paralls! t¢ the 7 direction is also shown, The ransition
structure connects the active portion top surfacs 320 with the end portion top
surlace 342,

8
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FRERES I ong or more smbodiments, transition structure 370 has g
subsiantislly vertical sidewall having its base following along a curve formed
in & plane paraliat to the end portion top surface. With respect 10 lop view
3004, this curve is shown as curve 388 gt the base of ransition shructurs 370,
This ourve is slso replicated in the side view 3008,

{6040} in contrast with widsly-held assumptions, the rather abrupt
transition between active portion fop swizce 320 and the and portion fop
surface 342, implemeniad by the vertical sidewall 384 inslend of by a
gradually sloped surface as in the case of the prior ant anods, appears 1o
reduce non-uriiomm erosion that were found eardisr in rofl-off portion 208 of
Figs. 2A-20. The non-uniform ercsion performance in ransition portion 384
substantially malches the non-uniform erosion performance found over the
active portion of the above-discussed prioy art anode and represents a
subsiantial improvement over the erosion performance of the portion that is
formaerly representad by roll-off portion 206 and end portion 204 of Fig. 24.
As is evident from the above, improved anode 302 essentially sliminates the
sloped surface from the transition region between the active portion and the
and portion,

(00413 i the example of Fig. 34, the curve 388 of the base of
substantially vertical transition structure 370 follows a half-olrcle whose
shameter 5 the width of the anode. Howsver, this iz not imiting and such
cive may be implemented by any gradually changing shape, whather
spanning the entire width of the anode or only a portion of the width of the
anpde. For axampis, parabolic, ellintical or non-ciroular shapes may be
implemented for curve 398, K is preferred, however, that curve 386 be
syrmetrical about the longitudinal center line {when viewsd from the top) of
the anods,

{00421 it should also be undersiood that dus 0 machining and other
anginesring considerations, the comers whare planes and lines meet may be
rounded with a radius. This may be the case, lor exampie with the
intersaction between top surface 320 of active portion 310 and the verticsl
sidewall 384 of ransition struciure 370
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o043} Fig. 3E shows an example allernative embodiment wheraeby the
end portion of 312 of Figs. 3A and 38 may be omitted. In this embodiment,
transition struciure 384 extends all the way from active portion top surdacs
320 to base plane 304, As in the case with the example of Figs, 34 and 38,
transition structure 384 also has substentially vertical sidewsll 388 {and
exactly vertical 80-degres with bass plang 304 In an embodiment) and the
base of transition structure 384 slso follows 3 curve formed iIn base plane 304,

00447 Fig. 44 shows an alternalive embodiment whereas s portion of the
active portion is stightly tepsered from the more planar aotive portion op
surface loward the top surface of the end portion.  As shown in Fig. 44, and
poriion 402 of anode 400 s similar 10 the end portion discussed in connection
with the anode of Figs. 34 and 3B, Aclive portion 404 includes a non-laperad
active portion 4044 and a tapered aclive portion 4048,

[0045] End poriion 402 has a thickness 412 that is less than a thickness
414 of nor-iaperad active portion 4044 of active portion 404, Non-lapsred
active portion 4044 Includes a lop swiface 410 that is contiguous with the
remaining planar portion of the active portion 1op surface and iz st the same
hstght therewith,

[{K3d6] Betwean end porlion 4062 and non-tapered active pordion 4044,
there is implermentsd g lapered active portion 4048 that is characlenzed by
having a top surface 420 tapered from the height of the top surlace 410 of the
non-tapered active portion 404 toward the top surface 418 of end portion 402,
However this taper does not sxlend all the way from top surface 410 of non-
taperad active portion 4044 10 touch top surface 418 of end portion 4072,
instead, fop surlace 420 of epered active portion 4048 terminates al the
substantially vertical sidewsll 430, In an example, the {aper height 442 {i.8,,
the distance betwaen the iop of the vartical sidewall 430 and the haight of
lanar top surface 410 of aclive portion 404 is approdmately 1 mm and the
dimension of the {apsred active portion 4048 along the X direction is

approximaiely 10 mm,

{047} Top swrface 410 of non-lapersd active porlion 4044, togsther with
top surface 420 of apered active portion 4048, is designed to mimic the

1
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natural contour that the overall top surlace of the active poriion of the anode
would sasume affer some operational tme due (o natural slectrode srosion,

Parallal ines 452 and 454 represent top surfaces of the anade over tima as

the anode is worn down, and these parailel lines 452 and 454 have naturally
GecuTing eresion profiles.

{048} &5 can be apprecigied from the loregoing, the “pre-shaped” 0p
suriace of the active portion of a new anode 400 parallels these naturally
ooourring srosion profiles. By “pre-shaping” the active portion lop suface of 8
new anode (o maich the naturally occurring anods shape dus 1o anods
srosion over ime, this embodiment ensures g consistent slectrical discharge
profite {and improved output laser light consistency when a new anode is
installed and in the period belween servicing as the active portion of the
ancds Is worn down over tims,

{G049] Fig. 48 shows an alternative embodiment whereby the end portion
of 402 of Fig. 44 may De omilisd. in this embodiment, vertical sidewalls 470
of the transition strusture 472 extends all the way from top surface 430 of
tapered active portion 4048 10 bass plane 484 of the anods. As in the case
with the sxample of Figs, 34 and 38, ransition structurs 472 also has
substantally vertical sidewall 470 {and exactly vertical 80-degres with hass
plane 484 in an smbodiment) and the bass of ransilion struclure 472 also
foliows a curve formed base plans 484,

100303 I one or more embodiments, the invention relates o an erodable
cathode for use in generaling gas dischargs laser. The erodable cathode has
an active portion and an end portion with the end portion having a thickness
that is less than the thickness of the active portion. A raised spins is bullt inlo
the top surface of the elongated cathods, thereby causing the cross-sestion
profile of the cathods o assume a stepped cross section profile. The mised
sping protrudes more oward the anods and serves 1o concenirate electrical
discharge to the spine for more precise control of sleciricsd discharge and
cathode srosion,

{00511 Hoswaver, it has been found that, ior example, in the edge region
batween the active portion and the end portion, srosion may be mors severe

ot
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in some chambars, To prevent pramaturs spine sxhaustion at this location {or
anywhers else along the cathods spine wherg enhanced erosion is found),
one of mors embodiments of the invention propose o locally lowsr the
shoulder of the stepped cross-seciion profils o enabls the thickness of the
spine above the shoulder locally at thatl lecation to be greater than the haight
of the sping above the shoulder sisewhers {such as in the active portion that

sxperiences less srosion).

(G052} By lowering the shoulder locally instead of ralsing the spine locally
where erosion is more intense, the op surface of the spine remaing
subsiantisily planar al that location with the rest of the top surface of the
active portion to avold unduly raising the spine above the mean surlace of the
spine and thus avoiding unsvenly concentrating slectrioal discharge to such
raised spine portion. in an embodimant, locally lowering the shouldsr is
aocomplished by locally removing matsrial andfor iocaily creating an
indentation or depression in the shoulder portion, thersby arlificially enlarging
the distance batwesn the top of the sping and the shoulder at that location,
which in effects locally increasing the thickness of the sping at that location,

[0853] Fig. 54 shows, In accordance with an embodiment of the
invention, a lop view of cathods 802, This lop view represenis the visw of the
disassembled cathode. However, when ths cathede is assembled inthe
chamber, the view into the page represenis the view toward the catheds from
the spatial region between the anode and the cathode,

{3341 Fig. 88 shows the side view of the same cathode 302, With
reference (o Fig. 58, there is shown an erodable cathode 502 that is
glongated slong the X direction, extending (o the right of the Fig, 58, Therelis
shown an active porion 5140, representing the porlion of the electrode that is
desigred o undergo electrical dischargs along its fop spine 512, Ths fop
surtace 514 of the sping 512 of active portion 510 is substantially paraliei o a
hase plans 518, which is parallel 1o the X-Y plane. U should be undersiood
ihat the cathods is symmetrical about & longliudinal centar point in that the
same active portion and end portion struciures are replicated at the othar end
of the slongaied ercded slectrods {not shown In Fig, S8 o simplify the
Hustration). As before, dirsctions X, Y, and £ are mutually orthogonal,

12
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0085] Active portion 510 spans a first portion of the cathode along the X
dirgction and has an active surface lop surface 514 a as well as 8 thickness
518. A cross-section profile of active portion 510 is shown in Fig. 5C. Inthis
profile, i can be seen that the cross-ssction profile 520 is a stepped profile in
that there exists a shoulder 540 and a distinet step 524 which, when exdended
along the slactrode in the X dirsction {into and out of the pags in Fig. 5C)
forms the sforementioned spins 512, Step 524 has & step height 328 as
showr,

[06556] Ap end porion 530 extends from the active portion 510 loward
distal end 532 of the cathode. As can be seen in the example of Fig. 58, end
portion 530 s & gradually tapered struchire and has a slope 534 that gradually
wnbles from shoulder plans 540 toward base plane 516, Howsver, itis not
necessary that this slope 834 is 3 smooth gradual slope all the way belwaen
shoulder plane 540 and base plans 318, s possible that only part of slops
534 is a gradual slope and an abrupt (or other shape) termination may be
implemented for distal end 532 since only 8 postion of end portion 530 of
some cathodes may be expecisd {0 be exposed o some electricsl dischargs
in use,

f0037] i some chamber instaliations, some portion of end portion 830
will sxperience slectrical discharge. In soms chambers, i has been found,
thal the edge portion belween the active portion and the snd portion
represens the portion where rapid spine grosion occowrs, in other chambers,
it has been found thal the portion where the shoulder plane 540 transitions
from being substantially horizontal {Le., parallel 1o the X-Y plansg) and beging
o gradually slope downward towards base plans 516 represents the portion
whers rapld spine erosion ocours. Thesse examples are not, however, lmiting
with respect 1o the specific lncation slong the cathode whers the invention
may be implameantad.

[0058] in accordance with one or mors smbodiments of the invention, the
distance betwsen the shoulders to the lop of the spine is artificially increased
at the location where enhanced non-uniferm arosion has been observed in
spent cathodes. This lpoation may be in the end portion or at the edge porlion
as discussed sarfier, o iy any other ioeation along the spins.

13
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{0159] One major imitation in designing an increase in the height of the
spine perlaing to the fact that # i3 necessary to keap the fop surface of the
spine subsiantially even with the mean haight of the lop surface of the spine
of the acltive region. This is (o prevent a portion of the sping from protruding
into the space between the cathods and the anode since such profrusion may
undily concentrate slectrical discharge and negatively impacis the quality of
the laser Hght produced,

100601 Az seen in Fig. BA, i the erosion of spine 512 is permitted to
consume the sntirs thickness of the spine at location 838, the anlarged
resifling area that is a combination of the locally sxhausied sping and the
surrounding shoulder surface ares would present 8 larger slectrical dischargs
area. When this happens, undesirable and unplannsd sleetrical discharge
may ocour al the locsation where the spine is premaiurely exhausted. The
irregilar elecirical discharge may give rise (o inconsistent or out-of-

spacitication lsser light production, in an sxampls.

061 ] By increasing the thickness of the sping locally, L., by lnoally
increasing the distance from the shoulder at or near the Dase of the spine to
the iop height of the sping &l the location where spine erosion has been found
o he higher, smbodimants of the invention sxiend the tme i takes lo erods
through the thickness of the spine at this location, In this manner, local
premature spine exhaustion is avoided. Accordingly, the mean time Delwsen
sarvice (MTBS) may be increasad,

{062] With reference o Fig. 5A and 50, depressions or indeniations 580
arg showrn, reprasenting the removal of some shoulder material in
approximately the sams longiudine! vicinly where enhanced spine erosion
has been found o coour {(such as during post-servics inspsection of spend
cathodes). in the sxample of Fig. BA, this location is also indicatsd by Hine -
£,

[063] With raference lo Fig. 5C, in the cross-section profile S70 taken
along line -0 of Fig. 58, the shoulder height 582 is diminished relalive o the
shoulder height 540 In the cross profite 520 of Flg. 50 (which is taken along
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fine F-F of Fig. 8B}, This is dus to the fact that soms material has been
removed from the showlder region in cross-gection profile 570,

{3364} Howsever, despile the fact that the op surface 572 of cross-section
profile 570 of Fig. 50 is substantially planar with, or 8t the same height as, the
top surface 514 of cross section profile S20 of Fig. 50, the apparsnt spine
thickness 574 is increased {measured from {op surface 572 1o line 582, which
is the top of the shoulder where indentadion 580 exisis) ralative lo spine
thickness 528 of cross-section profile 520 of Fig. 5. In an example,
thickness 528 is sporoxdmately Tmm while thickness 574 is spprosimately
1.8mm, During use, desoits the fact that the location at ling DDV {z8e Fig,
&8 suffers g higher rale of srosion, the spine al this ocation doss not get
exhausied prematurely because thare is now mors spine thickness at this
location (see thickness 574 of Fig. 5D).

{EERY As can be appraciated from the foreguing, embodiments of the
invention improve erosion resistance performance by eliminating the sloped
fransition betwean the active portion and the end portion of the anode, Since
this sloped transiton portion was found 1o give rise 1o a higher incidence of
nor-unifonm srosion, this slimination of the sloped transition, while counter-
irkultive 1o corventional thinking about slectrical discharge, nevertheless has
been found o enable the replication of the non-uniform srosion parformance
found iy the active portion such that the end portion now sxhibils similarly
good non-uniform srosion performancs aven i the transition is now a less-
smooth d.e., more abrupt) vertical sidewall.

{6066} By pre-shaping the top surface of the ancds to resemble the
groded profile of the anode after some operational tme has passed,
smbodiments of the invention snsure 3 more consistant oulput laser fight
guality by prasenting 1o the cathode a suriace profile of the top surface of the
active area of the anode that is paralial to the surface profile that would
raiurally occurs aller some use, In this manner, the top surdace of the anode
is spvenly sroded from the beginning {.e., with a new anode) and the {op
surfacs of the anode srodes svenly {relative o the spatial distance from the

cathode) as time passaes.
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{0047} With respect to the cathode, by providing a loeal indsntation in the
shoulder portion in the beation of the cathode where spine erosion has been
found o be snhanced, embodiments of the invention locally increase the
hight of the top of spine relative {o the shoulder {and thereby locally
increasing spine thickness) al thal lncation withowt having o locally raise a
portion of the spine top surface above the mean heighi of the lop surface of
the sping. This protrusion, i permitted 1o ocour, would have negatively
affected the ability to evenly distribute the slechical discharge along the top
surface of the sctive ares of the cathods spine,

[0068] While this Invertion has baen described in terms of several
praferred embodiments, there are allerations, permutations, and squivalents,
which {all within the scope of this invention. The invention should be
undersiood (o also encompass these alterations, permutations, and
sguivalents. | should slso be noted that there are many allemative ways of
implernenting the methods and apparatuses of the present invention,
Although various sxamples are provided hersin, s intended that thess
sxampies be Hustrative and not limiting with respect io the invention.



WO 2017/058531 PCT/US2016/052001

CLAIME

What iz olsimed ia:

1. An glongated erodable elactrode for use in genarating gas discharge
lasar, said slecirode having 8 base plane, sald base plane paralisl o an X-Y
plane formed by an x-direction and a y-direction onthogonal to said x-divestion,

said slectrode slongaied along seid x dirsction, comprising

an active portion spanning a first portion of said slecirods along said x
direction, said active portion having an aclive portion top surlace, said aclive
portion having a first thicknass measured along 3 z direction orthogonal i
Both saild x direction and said y direction, sald active portion having a first
stepped cross-section profile paraliel o a2 Y-Z plane formed by said 2 direction

and said y direction;

an end portion spanning & second portion of sald elechrods along said
% dirsotion, said end portion having an end pordon top sutface, said end
portion having a second thickness measured along said 2 dirgction, whersin
said second thickness is less than said first thickness; and

a transition structure, whersin sald ransition shructure includes
subsiantially vertical sidewall connecting sald end portion {op surlace with
said active portion top surface, sald substantially vertical sidewal being

substantizlly paraiisl o said 2 direction.

2. The slectrode of claim 1 whersin said end portion has a second
stapped cross-section profiis paralled to said Y-Z plane,
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3. The slectrode of claim 1 wherein said substantially vertical sidewsll is
curvad along a curve formed in a plans parallel to said end portion top
surdace,

4. The slectrode of clalm 1 whereln said curve is part of a circle.

5. The slectrode of claim 1 wherein said active portion comprises a non-
tapered active porlion and a tapersd active portion, sald non-tapered active
partion having a first top surface that is part of said active portion op surlace,
said tapered active portion having 8 sscond lop surface that is part of said
active poriion top surface, said first top surface coupled 10 saild second top
surfacs, said second top swrface being slopsd relative 1o said Hrst top surface
and coupled with sald substantially verticad sidewall, said non-lapsred adlive
portion having a thickness that is greater than a thickness of said tapered

active porion,

. An slongated sredable slectrods for use in generating gas discharge
laser, sald slectrode having a base plane, said bass plane parallel o a XY
plane formed by an ¥ direction and & Y direction orthogonal (o said X
direction, said slecirods elongated along said X direction, comprising

an active region spanning & first portion of said slectrode along said x
direchion, said active region having an active region top swrface, sald active
region having a first thickness measured along s Z direction orthogonal to
both said X direction and said Y direction, said active region having a firgt
stepped cross-sechon profile parallel 1o 3 Y-£ plane formed by said £ direclion

and said Y directinm;

an end ragion spanning a second portion of sald slechode along sald X
direchion, said end region having an end region fop surface, said end region

having a second thickness measured along said 2 direction, said second

18
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ihickness is less than said Hest thickness, said end region having 8 second
stepped cross-section profile paralls! 1o said plane formed by said £ direcion
and said Y direction;

wherein a shouldsr of sald second stepped cross-section profile
includes an indentation that renders a hsight of a siep of saild second stepped
cross-sacton proble larger than g step of sald first stepped cross-sechion
profiis,

7. The slectrode of claim 8 whersin said active region top surface is
paralied o said base plane and wharsin said end region top surface is sloped
refative 10 said bass plane.

8. The slectrode of claim 8§ whersin sald sleclrode is configurad for use as

& cathode disposed opposite a grounded ancds,

g, An elongated ercdable slectrode for use in generating gas discharge
tmser, said slectrods having & basse plane, sald bass plane paraliet to a XY
plang formed by an X direction and a Y direction orthogonal o said X
direction, said slecirode elongated along sald X direction, comprising

an active region spanning & first portion of said slectrods along said x
divection, said active region baving an active region fop surface, said active
region having a tirst thickness measured along a Z direction orthogonal {o
both sald X direction and said Y direction, said active region having a first
stepped cross-section profile parallel to a Y-£ plane formed by said Z dirsclon
and said Y direction,

wherein & shoulder of said first stepped cross-section profile at a first
iongitudingl position in said aclive region includses remaoved portion that
renders a height of 3 slep of said first stepped goss-section profile at said first
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fongliudingl position greater than a step of sald first stepped cross-section
profile at a second longituding! position in said active region, and

wherein a top surface of said step of said firs? stepped cross-santion
profile at zaid frst longitudinal position does not profrude above a top surace
of said step of said first stepped cross-section profile at sald second
ongitudinal position,

10, The electrode of clalm 8 further comprising an end region spanning &
second portion of said elecirode along said X direction, said end region
having an end region top sudace, said end region having a sscond thickness
measured along sald £ direction, said second thicknass is less than said first

thickness,

11, The slectrode of claim 10 whersin said active region top surface is
paralial 1o said base plane and whersin said end region lop surface is sloped
redative to said base plane.

12, The slectrode of claim 10 whersin said electrode is configured for use
as & cathode disposed opposite 2 grounded anods.

13, A laser apparaius, comprising

an glongated srodeble anods for use in gensrating gas discharge
lagar, said anode having an anode base plans, said anode base plane paraliel
o an X-Y plans formed by an x-direction and a y-directon othogonal to said
x-direction, said anode slongated along said x direction, said slongaled
grodable anods including at lsast
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an anode active portion spanning a first portion of said anods along
said x direction, sald ancds active portion having an anode active portion top
surface, sald anode active portion having s first anode thickness messured
along 3 7 direction arthogongl o both said » direction and said v dirsction,
said anode aclive portion having a first anode slepped cross-section profile
paraisl 10 8 ¥-2 plane formed by said z direction and sald v direction,

an anode end portion spanning a sscond portion of said anode along
sald x direction, sald ancde end portion having an anode and portion g
surfacs, said anode snd portion having a second anode thickness measured
along said 2 direction, wherein said second anode thickness is less than said

first anode thickness, and

an anode transition siructure, whergln said anods transition struciure
includes substantially vertical anods sidewsall connecling said anode end
porion top surface with said anode active portion top surface, said
substantially vertical anods sidewsl! being substantially parglisl o said 2

ghirection.

14, The laser apparatus of claim 13 wherein sald ancds end portion has &
second anods stepped cross-section profile parallel 1o said Y-£2 plans,

5. The laser apparatus of claim 13 wherein said substantialy vertical
anode sidewall is curved along a curve formed in a plane paraliel 1o said

anods and portion top surface,

18, The laser apparatus of olaim 13 wherein said curve is part of a dirgle.

17. The laser apparatus of claim 13 wherein sald anode aclive portion
comprises a non-lapered anode active porfion and & tepered anode active

21
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portion, said non-lapsrad anods active portion having a first anods (op
surface that Is part of said anode active portion top swrfacs, sald apered
anode active portion having a second angde iop surlaee that is parnt of said
anode aclive portion top swiace, sald first ancde top surface coupled o said
second ancds lop surface, sald second ancde lop surface being sloped
relative to sald first anode fop surface and coupled with said subsiantially
vartical anode sidewall, sald non-lapered anode active portion having a

thickness that is greater than a thickness of sald lapered anode active portion.

18, The laser apparatus of claim 13 futher comprising:

an slongaled erodable cathode for use in generating gas discharge
laser, said cathode having 2 cathode base plane, sald cathode base plane
paraiiel to said X-Y plane, said cathode elongated along said X direction, said
elongated erodabls cathods including al least

a cathods active region spanning a Hrst porlion of sald cathode along
said x dirgction, sald cathode active region having a cathode active region top
surface, said cathods active region having a first cathods thickness measured
atong said £ direction, said cathode active region having & first slepped
cathode cross-section profile paralis! to said ¥-2Z plane,

whergin a shoubder of sald first cathode stepped cross-section profile at
a first longitudinal position in sald cathode active region includes removed
portion that renders 2 height of 2 step of said first cathods stepped cross-
section profile af said first longitudinal position greater than 3 step of said first
stepped cathods cross-section profile at a second longitudinal position in said

cathode active region, and

whersin a cathods top surfacs of said step of said frst cathode stepped
cross-section profile at said first longiludinal pesition doas nol protruds above
a cathodes top swriace of sald step of said rst cathods stepped cross-section
profie at sald second longituding position.
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18, The laser apparalus of claim 18 whersin said slongated srodable
cathode further comprising & cathods end region spanning a second cathods
portion of said cathode along said X direclion, said cathode end region having
& cathode end region top surlace, said cathode snd region having a second
cathode thickness measured along said Z direction, said second cathode
thickness is loss than said first cathode thickness.

20, The laser apparatus of olaim 19 wherein sald cathode active region top
surface is paraliel 1o said cathode base plane and wherein said cathods end
region top surface is sloped relative 1o said cathodes bass plans.

21, Anslongaled erodable electrode for use in generating gas dischargs
laser, said eisclrode having a base plane, sald base plans paralisl o an X-Y
plane formed by an x-direction and a y-direction orthogonal (o said x-direction,
said slectrode slongalsd along said x direction, comprising

an active portion spanning & first portion of said slectrode along said x
direction, said active portion having an aclive portion fop suriacs;

& fransition structure, wherain said ransition structure includes
substantially vertical sidewslt connscling said active portion top surface with
said base plane, said substantially vertical sidewall being substantially paraliel
o said z direction.

22. The slectrode of claim 20 wherein said substantially vertical sidewall is
curved along a curve formad in said base plane.

£3. The slecirode of claim 20 whersin sald curve is part of a circle.
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24.  The slectrode of claim 20 whersin said activs portion comprises 8 non-
taperad active portion and a tapersd active portion, sald non-tapered active
portion having a firs! top surface that is part of said aclive portion top surface,
said tapered active portion having a second top surface that is part of said
active portion top surface, said first lop surfacs coupled 10 sald second top
surface, said second top suriace being sloped relative 1o said first top surfacs
and coupled with said substantially vertical sidewall, sald non-lapered active
portion having a thickness that is graater than a thickness of said lapered
active portion,
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