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LASER GAS REPLENISHMENT METHOD 

PRIORITY 

[0001] This application claims the bene?t of priority to 
US. provisional patent application No. 60/171,717, ?led 
Dec. 22, 1999, and this application is a Continuation-in-Part 
of US. patent application Ser. No. 09/447,882, ?led Nov. 
23, 1999, Which claims the bene?t of US. provisional patent 
application No. 60/ 124,785 , ?led Mar. 17, 1999, Wherein the 
above application are assigned to the same assignee as the 
present application and are hereby incorporated by refer 
ence. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a method and 
apparatus for stabilizing output beam parameters of a gas 
discharge laser. More particularly, the present invention 
relates to maintaining an optimal gas mixture composition 
over long, continuous operating or static periods using very 
small gas injections. 

[0004] 2. Discussion of the Related Art 

[0005] Pulsed gas discharge lasers such as excimer and 
molecular lasers emitting in the deep ultraviolet (DUV) or 
vacuum ultraviolet (VUV) have become very important for 
industrial applications such as photolithography. Such lasers 
generally include a discharge chamber containing tWo or 
more gases such as a halogen and one or tWo rare gases. KrF 

(248 nm), ArF (193 nm), XeF (350 nm), KrCl (222 nm), 
XeCl (308 nm), and F2 (157 nm) lasers are examples. 

[0006] The ef?ciencies of excitation of the gas mixtures 
and various parameters of the output beams of these lasers 
vary sensitively With the compositions of their gas mixtures. 
An optimal gas mixture composition for a KrF laser has 
preferred gas mixture component ratios around 0.1% F2/1% 
Kr/98.9% Ne (see US. Pat. No. 4,393,505, Which is 
assigned to the same assignee and is hereby incorporated by 
reference). A F2 laser may have a gas component ratio 
around 0.1% F2/99.9% Ne or He or a combination thereof 
(see US. patent application Ser. No. 09/317,526, Which is 
assigned to the same assignee and is hereby incorporated by 
reference). Small amounts of Xe may be added to rare gas 
halide gas mixtures, as Well (see US. patent application Ser. 
No. 60/160,126, Which is assigned to the same assignee and 
is hereby incorporated by reference; see also R. S. Taylor 
and K. E. Leopold, Transmission Properties of Spark 
Preionization Radiation in Rare-Gas Halide Laser Gas 
Mixes, IEEE Journal of Quantum Electronics, pp. 2195 
2207, vol. 31, no. 12 (December 1995). Any deviation from 
the optimum gas compositions of these or other excimer or 
molecular lasers Would typically result in instabilities or 
reductions from optimal of one or more output beam param 
eters such as beam energy, energy stability, temporal pulse 
Width, temporal coherence, spatial coherence, discharge 
Width, bandWidth, and long and short axial beam pro?les 
and divergences. 

[0007] Especially important in this regard is the concen 
tration (or partial pressure) of the halogen, e.g., F2, in the gas 
mixture. The depletion of the rare gases, e.g., Kr and Ne for 
a KrF laser, is loW in comparison to that for the F2. FIG. 1 
shoWs laser output efficiency versus ?uorine concentration 
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for a KrF laser, shoWing a decreasing output efficiency aWay 
from a central maximum. FIG. 2 shoWs hoW the temporal 
pulse Width (pulse length or duration) of KrF laser pulses 
decrease With increasing F2 concentration. FIGS. 3-4 shoW 
the dependence of output energy on driving voltage (i.e., of 
the discharge circuit) for various F2 concentrations of a F2 
laser. It is observed from FIGS. 3-4 that for any given 
driving voltage, the pulse energy decreases With decreasing 
F2 concentration. In FIG. 3, for example, at 1.9 kV, the pulse 
energies are around 13 m], 11 m] and 10 m] for F2 partial 
pressures of 3.46 mbar, 3.16 mbar and 2.86 mbar, respec 
tively. The legend in FIG. 3 indicates the partial pressures 
of tWo premixes, i.e., premix A and premix B, that are ?lled 
into the discharge chamber of a KrF laser. Premix A com 
prised substantially 1% F2 and 99% Ne, and premix B 
comprised substantially 1% Kr and 99% Ne. Therefore, for 
the graph indicated by triangular data points, a partial 
pressure of 346 mbar for premix A indicates that the gas 
mixture had substantially 3.46 mbar of F2 and a partial 
pressure of 3200 mbar for premix B indicates that the gas 
mixture had substantially 32 mbar of Kr, the remainder of 
the gas mixture being the buffer gas Ne. FIG. 5 shoWs a 
steadily increasing bandWidth of a KrF laser With increasing 
F2 concentration. 

[0008] In industrial applications, it is advantageous to 
have an excimer or molecular ?uorine laser capable of 
operating continuously for long periods of time, i.e., having 
minimal doWntime. It is desired to have an excimer or 
molecular laser capable of running non-stop year round, or 
at least having a minimal number and duration of doWn time 
periods for scheduled maintenance, While maintaining con 
stant output beam parameters. Uptimes of, e.g., greater than 
98% require precise control and stabiliZation of output beam 
parameters, Which in turn require precise control of the 
composition of the gas mixture. 

[0009] Unfortunately, gas contamination occurs during 
operation of excimer and molecular ?uorine lasers due to the 
aggressive nature of the ?uorine or chlorine in the gas 
mixture. The halogen gas is highly reactive and its concen 
tration in the gas mixture decreases as it reacts, leaving 
traces of contaminants. The halogen gas reacts With mate 
rials of the discharge chamber or tube as Well as With other 
gases in the mixture. Moreover, the reactions take place and 
the gas mixture degrades Whether the laser is operating 
(discharging) or not. The passive gas lifetime is about one 
Week for a typical KrF-laser. 

[0010] During operation of a KrF-excimer laser, such 
contaminants as HF, CF4, COF2, SiF4 have been observed to 
increase in concentration rapidly (see G. M. Jurisch et al., 
Gas Contaminant E?rects in Discharge-Excited KrF Lasers, 
Applied Optics, Vol. 31, No. 12, pp. 1975-1981 (Apr. 20, 
1992)). For a static KrF laser gas mixture, i.e., With no 
discharge running, increases in the concentrations of HF, O2, 
CO2 and SiF4 have been observed (see Jurisch et al., above). 

[0011] One Way to effectively reduce this gas degradation 
is by reducing or eliminating contamination sources Within 
the laser discharge chamber. With this in mind, an all metal, 
ceramic laser tube has been disclosed (see D. Basting et al., 
Laserrohr fiir halogenhaltige Gasentladungslaser” G 295 20 
280.1, Jan. 25, 1995/Apr. 18, 1996 (disclosing the Lambda 
Physik Novatube, and hereby incorporated by reference into 
the present application)). FIG. 6 qualitatively illustrates hoW 
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using a tube comprising materials that are more resistant to 
halogen erosion (plot B) can sloW the reduction of F2 
concentration in the gas mixture compared to using a tube 
Which is not resistant to halogen erosion (plot A). The F2 
concentration is shoWn in plot A to decrease to about 60% 
of its initial value after about 70 million pulses, Whereas the 
F2 concentration is shoWn in plot B to decrease only to about 
80% of its initial value after the same number of pulses. Gas 
puri?cation systems, such as cryogenic gas ?lters (see US. 
Pat. Nos. 4,534,034, 5,136,605, 5,430,752, 5,111,473 and 
5,001,721 assigned to the same assignee, and hereby incor 
porated by reference) or electrostatic particle ?lters (see US. 
Pat. No. 4,534,034, assigned to the same assignee and US. 
Pat. No. 5,586,134, each of Which is incorporated by refer 
ence) are also being used to extend KrF laser gas lifetimes 
to 100 million shots before a neW ?ll is advisable. 

[0012] It is not easy to directly measure the halogen 
concentration Within the laser tube for making rapid online 
adjustments (see US. Pat. No. 5,149,659 (disclosing moni 
toring chemical reactions in the gas mixture)). Therefore, it 
is recogniZed in the present invention that an advantageous 
method applicable to industrial laser systems includes using 
a knoWn relationship betWeen F2 concentration and a laser 
parameter, such as one of the F2 concentration dependent 
output beam parameters mentioned above. In such a method, 
precise values of the parameter Would be directly measured, 
and the F2 concentration Would be calculated from those 
values. In this Way, the F2 concentration may be indirectly 
monitored. 

[0013] Methods have been disclosed for indirectly moni 
toring halogen depletion in a narroW band excimer laser by 
monitoring beam pro?le (see US. Pat. No. 5,642,374, 
hereby incorporated by reference) and spectral (band) Width 
(see US. Pat. No. 5,450,436, hereby incorporated by refer 
ence). Neither of these methods is particularly reliable, 
hoWever, since beam pro?le and bandWidth are each in?u 
enced by various other operation conditions such as repeti 
tion rate, tuning accuracy, thermal conditions and aging of 
the laser tube. That is, the same bandWidth can be generated 
by different gas compositions depending on these other 
operating conditions. 

[0014] An advantageous technique monitors ampli?ed 
spontaneous emission (ASE), and is described in US. patent 
application Ser. No. 09/418,052 (assigned to the same 
assignee and hereby incorporated by reference). The ASE is 
very sensitive to changes in ?uorine concentration, and thus 
the ?uorine concentration may be monitored indirectly by 
monitoring the ASE, notWithstanding Whether other param 
eters are changing and effecting each other as the ?uorine 
concentration in the gas mixture changes. 

[0015] It is knoWn to compensate the degradation in laser 
ef?ciency due to halogen depletion by steadily increasing 
the driving voltage of the discharge circuit to maintain the 
output beam at constant energy. To illustrate this, FIG. 7 
shoWs hoW at constant driving voltage, the energy of output 
laser pulses decreases With pulse count. FIG. 8 then shoWs 
hoW the driving voltage may be steadily increased to com 
pensate the halogen depletion and thereby produce output 
pulses of constant energy. 

[0016] One draWback of this approach is that output beam 
parameters other than energy such as those discussed above 
With respect to FIGS. 1-5 affected by the gas mixture 
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degradation Will not be correspondingly corrected by 
steadily increasing the driving voltage. FIGS. 9-11 illustrate 
this point shoWing the driving voltage dependencies, respec 
tively, of the long and short axis beam pro?les, short axis 
beam divergence and energy stability sigma. Moreover, at 
some point the halogen becomes so depleted that the driving 
voltage reaches its maximum value and the pulse energy 
cannot be maintained Without refreshing the gas mixture. 

[0017] It is desired to have a method of stabiliZing all of 
the output parameters affected by halogen depletion and not 
just the energy of output pulses. It is recogniZed in the 
present invention that this is most advantageously achieved 
by adjusting the halogen and rare gas concentrations them 
selves. 

[0018] There are techniques available for replenishing a 
gas mixture by injecting additional rare and halogen gases 
into the discharge chamber betWeen neW gas ?lls and to 
methods including readjusting the gas pressure, e.g., by 
releasing gases from the laser tube (see especially US. 
patent application Ser. Nos. 60/124,785, and 09/379,034, 
and also US. patent application Ser. No. 09/418,052; and 
US. Pat. Nos. 5,396,514 and 4,977,573, each of Which is 
assigned to the same assignee and hereby incorporated by 
reference). A more complex system monitors gas mixture 
degradation and readjusts the gas mixture using selective 
replenishment algorithms for each gas of the gas mixture 
(see US. Pat. No. 5,440,578, hereby incorporated by refer 
ence). One technique uses an expert system including a 
database of information and graphs corresponding to differ 
ent gas mixtures and laser operating conditions (see the ’034 
application, mentioned just above). A data set of driving 
voltage versus output pulse energy, e.g., is measured and 
compared to a stored “master” data set corresponding to an 
optimal gas composition such as may be present in the 
discharge chamber after a neW ?ll. From a comparison of 
values of the data sets and/or the slopes of graphs generated 
from the data sets, a present gas mixture status and appro 
priate gas replenishment procedures, if any, may be deter 
mined and undertaken to reoptimiZe the gas mixture. Early 
gas replenishment procedures are described in the ’573 
application (mentioned above). 
[0019] Most conventional techniques generally produce 
some disturbances in laser operation conditions When the 
gas is replenished. For example, strong pronounced jumps of 
the driving voltage are produced as a result of macro 
halogen injections (macro-HI) as illustrated in FIG. 12 
(macro-HI are distinguished from micro-halogen injections, 
or MHI, as described in the ’785 application). The result of 
a macro-HI is a strong distortion of meaningful output beam 
parameters such as the pulse-to-pulse stability. For this 
reason, in some techniques, the laser is typically shut doWn 
and restarted for gas replenishment, remarkably reducing 
laser uptime (see US. Pat. No. 5,450,436). 

[0020] The ’785 application referred to above provides a 
technique Wherein gas replenishment is performed for main 
taining constant gas mixture conditions Without disturbing 
signi?cant output beam parameters. The ’785 application 
describes a gas discharge laser system Which has a discharge 
chamber containing a gas mixture including a constituent 
halogen-containing species, a pair of electrodes connected to 
a poWer supply circuit including a driving voltage for 
energiZing the ?rst gas mixture, and a resonator surrounding 
the discharge chamber for generating a laser beam. 
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[0021] A gas supply unit is connected to the discharge 
chamber for replenishing the gas mixture including the 
constituent halogen-containing species. The gas supply unit 
includes a gas inlet port having a valve for permitting a small 
amount of gas to inject into the discharge chamber to mix 
With the gas mixture therein. Aprocessor monitors a param 
eter indicative of the partial pressure of the ?rst constituent 
gas and controls the valve at successive predetermined 
intervals to compensate a degradation of the constituent 
halogen-containing species in the gas mixture. 

[0022] The partial pressure of the halogen containing 
species in the gas mixture is increased by an amount 
preferably less than 0.2 mbar, as a result of each successive 
injection. The gaseous composition of the injected gas is 
preferably 1%-5% of the halogen-containing gas and 95% 
99% buffer gas, so that the overall pressure in the discharge 
chamber increases by less than 20 mbar, and preferably less 
than 10 mbar per gas injection. 

[0023] The processor monitors the parameter indicative of 
the partial pressure of the halogen-containing gas and the 
parameter varies With a knoWn correspondence to the partial 
pressure of the halogen gas. The small gas injections each 
produce only small variations in partial pressure of the 
halogen gas in the gas mixture of the laser tube, and thus 
discontinuities in laser output beam parameters are reduced 
or altogether avoided. 

[0024] The constituent gas is typically a halogen contain 
ing molecular species such as molecular ?uorine or hydro 
gen chloride. The constituent gas to be replenished using the 
method of the ’785 application may alternatively be an 
active rare gas or gas additive. The monitored parameter 
may be any of time, shot count, driving voltage for main 
taining a constant laser beam output energy, pulse shape, 
pulse duration, pulse stability, beam pro?le, bandWidth of 
the laser beam, energy stability, temporal pulse Width, 
temporal coherence, spatial coherence, ampli?ed spontane 
ous emission (ASE), discharge Width, and long and short 
axial beam pro?les and divergences, or a combination 
thereof. Each of these parameters varies With a knoWn 
correspondence to the partial pressure of the halogen, and 
then halogen partial pressure is then precisely controlled 
using the small gas injections to provide stable output beam 
parameters. 

[0025] The gas supply unit of the ’785 application pref 
erably includes a small gas reservoir for storing the con 
stituent gas or second gas mixture prior to being injected into 
the discharge chamber (see U.S. Pat. No. 5,396,514, Which 
is assigned to the same assignee and is hereby incorporated 
by reference, for a general description of hoW such a gas 
reservoir may be used). The reservoir may be the volume of 
the valve assembly or an additional accumulator. The accu 
mulator is advantageous for controlling the amount of the 
gas to be injected. The pressure and volume of the gases to 
be injected are selected so that the overall pressure in the 
discharge chamber Will increase by a predetermined amount 
preferably less than 10 mbar, and preferably betWeen 0.1 and 
2 mbar, With each injection. As above, the halogen partial 
pressure preferably increases by less than 0.2 mbar and 
preferably far less such as around 0.02 mbar per injection. 
These preferred partial pressures may be varied depending 
on the percentage concentration of the halogen containing 
species in the gas premixture to be injected. 
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[0026] Injections may be continuously performed during 
operation of the laser in selected amounts and at selected 
small intervals. Alternatively, a series of injections may be 
performed at small intervals folloWed by periods Wherein no 
injections are performed. The series of injections folloWed 
by the latent period Would then be repeated at predetermined 
larger intervals. A comprehensive algorithm is desired for 
performing gas actions in order to better stabiliZe the gas 
composition in the laser tube, and correspondingly better 
stabiliZe signi?cant parameters of the output beam of the 
excimer or molecular ?uorine laser system. 

SUMMARY OF THE INVENTION 

[0027] It is an therefore an object of the invention to 
provide an improved excimer or molecular laser system, 
Wherein the gas mixture status may be precisely and peri 
odically determined and smoothly adjusted. 

[0028] It is a further object of the invention to provide a 
technique Which automatically compensates gas mixture 
degradation Without disturbing laser operation conditions 
When the gas is replenished. 

[0029] It is another object of the invention to provide an 
improved excimer or molecular laser system capable of 
running continuously While maintaining stable output beam 
parameters. 

[0030] In accord With the above objects, a gas replenish 
ment technique is provided for an excimer or molecular 
?uorine laser system. The technique encompasses several 
aspects of the present invention, each contributing to achiev 
ing the above objects. In a ?rst aspect, it is recogniZed that 
the ?uorine concentration in the laser gas mixture has a 
knoWn correspondence to the value of the driving voltage, 
When the driving voltage is being adjusted to maintain a 
constant pulse-to-pulse output beam energy, constant energy 
dose or moving average energy dose, optimum energy 
stability, etc. Thus, a particular gas replenishment action is 
performed ?rst based on the value of the driving voltage for 
each gas action, and then based on a counter that counts total 
accumulated electrical input to the discharge, time and/or 
pulse count. 

[0031] For example, the amount of gas including a halo 
gen-containing species and/or the total amount of gas 
injected may be based on the driving voltage. Whether the 
gas action is a partial or mini gas replacement or only a gas 
injection is also determined based on the driving voltage. It 
may be determined that no gas action Will be presently 
performed. Also, the interval betWeen the previous gas 
action and the next gas action may be adjusted. 

[0032] Another factor that is preferably taken in account in 
determining the above particulars of the next gas action is 
the speci?c amount of halogen that Was injected during the 
previous gas action. That amount may be determined based 
on measurements of the gas pressure in an accumulator (see 
the ’785 application) from Which the gas Was injected during 
the previous gas action (and optionally also based on the 
pressure in the laser tube). The temperatures of the gas 
mixtures in the laser tube and the accumulator may also be 
taken into account. 

[0033] On a larger overall scale, or macro scale, the 
determination of Which gas actions are to be performed, if 
any, may be based on Which of several ranges of driving 






























