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High-power, highly stable KrF laser with a 4-kHz pulse repetition rate

V.M. Borisov, A.V. El'tsov, O.B. Khristoforov

Abstract. An electric-discharge KrF laser (248 nm) with an aver-
age output power of 300 W is developed and studied. A number of
new design features are related to the use of a laser chamber based
on an Al,O5 ceramic tube. A high power and pulse repetition rate
are achieved by using a volume discharge with lateral preionisation
by the UV radiation of a creeping discharge in the form of a homo-
geneous plasma sheet on the surface of a plane sapphire plate.
Various generators for pumping the laser are studied. The maxi-
mum laser efficiency is 3.1 %, the maximum laser energy is 160 mJ
pulse”!, and the pulse duration at half maximum is 7.5 ns. In the
case of long-term operation at a pulse repetition rate of 4 kHz and
an output power of 300 W, high stability of laser output energy
(o < 0.7 %) is achieved using an all-solid-state pump system.

Keywords: excimer laser, KrF, preionisation, creeping discharge,
ceramic laser chamber, C—C scheme, LC inverter, solid state pump
system, high pulse repetition rate.

1. Introduction

For more than 30 years, excimer lasers remain the most pow-
erful sources of narrow-band radiation in the UV spectral
region. Electric-discharge KrF lasers are distinguished among
them by a unique combination of such characteristics as low
radiation wavelength, high (for this class of lasers) efficiency
(about 3%), high output energy (up to 1 J pulse™') and high
average output power (~300 W and higher) [1, 2].

Because of this, electric-discharge KrF lasers find wide
application in various technological processes. In particular,
these lasers are used for 3D microprocessing of materials; for-
mation of Bragg gratings on optical fibres, which operate as
mirrors at the entrance and exit of waveguides [3]; production
of second-generation high-temperature superconductor tapes
[4]; laser annealing [S] and modification of materials, includ-
ing photovoltaics [6, 7]; and irradiation of biological materi-
als at a wavelength of 248 nm, which is close to the 265-nm
wavelength corresponding to the maximum of the curve of
relative bactericidal efficiency of UV radiation [8]. The opti-
mal wavelengths of KrF and ArF lasers (i.e., the combination
of a high energy of radiation photons with the possibility of
using reliable quartz optics) stimulate the wide use of these
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lasers in large-scale lithographic manufacturing of integrated
circuits [1]. For a long time, narrow-band KrF lasers with a
relatively low (up to 10 mJ pulse™!) energy and a high (4 kHz)
pulse repetition rate served as a basis for this technology. At
present, the laser projection lithography uses manly ArF
lasers (193 nm), which make it possible to fabricate integrated
circuits with a resolution of 45 nm and better [9, 10].

The active medium of high-power KrF lasers is excited by
a repetitively pulsed high-pressure volume discharge in mix-
tures of Ne and Kr noble gases with molecular fluorine F,
under the conditions of energy deposition into the discharge,
which ensure high laser efficiency. This discharge is princi-
pally unstable, and its shape usually remains uniform for no
more than several tens of nanoseconds. At the same time, the
possibility of achieving desired laser characteristics is deter-
mined by a number of factors (whose interrelations are rather
complicated), the main ones being the conditions of preioni-
sation of the active volume, the regime of energy deposition
into the discharge, the electrode system geometry and the
characteristics of gas flow in this system [11-15]. The pre-
ionisation conditions include, first of all, a sufficiently high
electron concentration created before the beginning of the
main discharge development and a uniform electron distribu-
tion in the discharge volume.

In most high-power (~600 W) KrF lasers [2, 11, 15], UV
preionisation was performed by multiple discrete spark dis-
charges occurring at both sides of long metal electrodes,
which provided a high concentration of initial electrons in the
active volume of the laser. However, this lateral UV preioni-
sation, due to the preioniser discreteness, does not ensure the
main volume discharge uniformity, in particular, along the
electrodes. In addition, the spark gaps of the preioniser are
characterised by stronger electrode erosion. This limits the
lifetime of the gas mixture of excimer lasers and reduces the
laser operation stability in the long-term regime used in indus-
trial applications.

To obtain intense uniform preionisation, we developed
electrode systems of high-power excimer lasers with a highly
efficient UV preioniser based on a completed creeping dis-
charge (CD) in the form of a uniform plasma sheet on the
surface of a sapphire plate positioned parallel to the laser elec-
trodes [12, 13].

The long lifetimes of high-pressure excimer laser gas mix-
tures, which contain such extremely chemically active compo-
nents as halogens, impose stringent requirements on the
materials contacting with these mixtures and make it neces-
sary to use a metal—ceramic laser chamber. We proposed to
use a new chamber design based on a high-purity and high-
quality Al,O3 ceramic tube, which was successfully imple-
mented to create a high-power (500 W, 300 Hz) highly stable
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compact wide-aperture (up to 55 x 30 mm) XeCl excimer laser
with CD preionisation [16]. The operating lifetime of the gas
mixture in this laser was ~57 x 10° pulses at a stabilised aver-
age laser power of 450 W.

The aim of the present work is, using the developed
approaches, to create a high-power highly stable excimer
laser, in particular, a KrF laser, with a high (4 kHz) pulse
repetition rate and a long gas mixture lifetime. To achieve a
high stability of the high-power laser in the long-term regime,
we study its operation with pump generators of various types.

2. Laser design

Figure 1 shows the transverse cross section of the laser cham-
ber of a KrF excimer laser with a high pulse repetition rate.
Similar to [16], we used the idea of creating a laser chamber
based on an Al,O3 ceramic tube [17]. The laser chamber con-
sists of a ceramic tube (/) (1100 mm long with an inner diam-
eter of 360 mm) and end flanges ( 2) fastened together by bars
(3). The end flanges with fastening bars form a metal frame,
inside which the ceramic tube is placed. This frame is plated
with metal sheets to suppress the electromagnetic noise from
the functioning laser. From the bottom, the ceramic tube has
fluoroplastic supports, so that the metal frame has no direct
contact with the ceramic tube, which increases the laser cham-
ber reliability.
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Figure 1. Design of the laser chamber of a high-power excimer laser
with a high (up to 5 kHz) pulse repetition rate: (/) Al,O5 ceramic tube;
(2) end flanges; (3) fastening bars; (4) grounded electrode; (5) high-
voltage electrode; (6) discharge; (7) sapphire plate of the UV preionis-
er; (8) heat exchanger tubes; (9) cross-flow fan; (10) ceramic spoilers;
(11) gas flow guides; (/2) gas-transparent current-return leads; (/3)
ceramic capacitors.

Grounded and high-voltage electrodes (4) and (5) with a
volume discharge gap (6) between them are located inside the
laser chamber. The high-voltage electrode (5) is mounted
directly on the ceramic tube. The other units of the laser
chamber, namely, grounded electrode (4), preioniser (7)
placed beside the grounded electrode, heat exchangers (8),
cross-flow fan (9), ceramic spoilers (/0) and gas flow guides

(11), are supported only by the end flanges and do not touch
the ceramic tube. The grounded electrode is connected to the
power supply system through current-return wires (/2),
which are transparent for the gas flow and placed on both
sides of electrodes. Outside the laser chamber, a set of ceramic
capacitors ( /3) connected to electrodes (4) and (5) is distrib-
uted along the chamber. A pump generator connected to
capacitors (/3) impulsively charges them to a breakdown
voltage, which initiates a gas discharge between the electrodes
to excite the laser gas mixture. A typical optimal pressure of
the gas mixture of the F,—Kr—Ne laser was 2.6—3.1 atm.

It should be noted that the laser chamber design allows
one to obtain lasing in both KrF and fluorides of other noble
gases (ArF, XeF), as well as in F».

3. Pump generators

The laser characteristics depend to a large extent on the
parameters of high-voltage pulses formed by a pump genera-
tor on the discharge gap of the laser. The ignition of the self-
maintained preionised volume discharge, which pumps the
laser active medium, occurs at the discharge voltage build-up
stage. The higher the discharge-gap voltage (or the normalised
electric field strength E/N) build-up rate, the more uniform
the discharge and the higher its stability to, in particular,
E/N spatial inhomogeneities formed by acoustic perturba-
tions of the gas concentration N caused by preceding dis-
charge pulses in the regime with a high pulse repetition rate

/- At an optimal-high pump power density for the KrF laser

(~2.5 MW cm?), the uniform volume discharge shape is
retained for a characteristic time, which does not exceeds
60 ns [13]. All this imposes rigid requirements on the pump
generators of excimer lasers, which must have high pulsed
and average powers to generate high-current high-voltage
short-duration pulses with a high repetition rate on the load.
The schemes of pump generators used in the present work for
investigation and optimisation of KrF laser parameters are
shown in Fig. 2.

To decrease the discharge current duration, we used high-
voltage high-current charge-transfer schemes, the simplest
one being the C—C scheme presented in Fig. 2a. In this
scheme, a storage capacitor Cy, which is charged (through a
charging inductance L. from a high-voltage charger, is
switched by a thyratron and impulsively discharges into a
capacitor C4 low-inductively connected to the discharge gap.
To achieve a high discharge-gap voltage build-up rate upon
optimal pumping regimes in this scheme, the thyratron cur-
rent amplitude usually exceeds admissible values, which leads
to a decrease in the switch lifetime.

For all the schemes studied in this work (Fig. 2), the pre-
ionisation was performed by the UV radiation of a CD, which
was automatically ignited upon charging capacitors Cp,
(Cpr < Cy), which were connected to the laser electrodes via
an auxiliary discharge gap of the completed CD formation
system.

The most efficient pump generators for reliable long-
term operation of repetitively pulsed lasers are the genera-
tors with a magnetic pulse compression system (Figs 2b, 2¢)
based on chains of series-connected circuits consisting of
capacitors and nonlinear saturable inductors or magnetic
switches MSs. The number of sequential circuits is selected
to achieve the optimal high discharge-gap voltage amplitude
and build-up rate at the nominal operating regimes of the
switches.
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Figure 2. Schemes of the studied pump generators of a KrF laser: (a)
C—-Cscheme; (b) LC inverter with two-stage pulse compression; and (c)
all-solid-state scheme with IGBT switches and three-stage pulse com-
pression.

The pump generator scheme shown in Fig. 2b is an LC
inverter with two pulse-compression stages. This scheme
made it possible to use as a switch a TGI 1000/25 thyratron
with a current pulse duration of ~3 us, which allowed the
thyratron to operate for the entire nominal service life (no less
than 10° pulses). Figure 3 shows typical oscillograms of the
thyratron current, as well as of voltage pulses at the exit of the
LC inverter in front of MS1, at the intermediate capacitor C;
in front of MS2, and at the last-stage capacitor C4 connected
to the laser electrodes. The discharge current amplitude was
~10 kA, and the duration of the first discharge current half-
wave was ~30 ns. The first and second compression chains in
the pump scheme included seven-turn (MS1) and two-turn
(MS2) magnetic switches, which determined the total pump
pulse compression coefficient (duration ratio of the switch
and discharge currents) to be ~100.

Figure 3. Oscillograms (/) of the thyratron current, as well as of the
voltages (2) at the LC inverter exit; (3) at the intermediate capacitor
Cy, and (4) at Cy, for a KrF laser with a pump generator based on an
LC converter with two-stage pump pulse compression. The ordinate
axis scale is 200 ns div™!; the abscissa axis scales are 200 A div™! and
5kVdivl

As switches, which are the most important units of pump-
ing generators, one currently widely uses high-power insu-
lated-gate bipolar transistors (IGBTs), which have almost
infinite service life and ensure a high stability of the parame-
ters of voltage pulses [3, 18]. An all-solid-state generator
scheme is shown in Fig. 2c. This pump generator with semi-
conductor switches (pulser) includes a step-up transformer T
and is placed in a tank with transformer oil or other dielectric
fluid, which ensured its cooling, reliable electrical insulation,
suppression of electromagnetic noise and compactness of the
laser design. The pump generator was supplied from a char-
ger with a maximum output voltage of 2.2 kW and a power
up to 20 kV, which provided resonance charging of the stor-
age capacitor Cj,.

4. Output laser characteristics

The laser was tested using electrodes 95 cm long with a
3-mm cone radius of the working part. The interelectrode
gap was 22 mm for the systems shown in Figs 2a, 2b and 18
mm for the scheme in Fig. 2¢, the discharge width being 3
mm and the length, 910 mm, which corresponded to the
active volumes of 60 and 49 cm? for Figs 2a, 2b and Fig. 2c,
respectively. This gas discharge gap geometry is typical for
excimer lasers used as lithographic sources for industrial
production of integrated circuits. For operation with high
pulse repetition rates, a small discharge width is preferable
since it simplifies the scheme of gas replacement in the dis-
charge gap during intervals between discharge pulses.
Another factor important for the choice of the discharge
gap geometry for lithographic lasers is that the laser line-
width must be decreased to a value below 1 ps. For this
purpose, one uses cavities with line narrowing modules. In
this case, the laser beam size and, hence, the discharge
width must be decreased to a value comparable with the
effective size (3—4 mm) of the aperture of the line-narrow-
ing module. As a rule, the discharge width of lithographic
excimer lasers must be ~2 mm at an interelectrode gap of
~20 mm or smaller. A discharge width of 2 mm was used in
an ArF laser.

At a high pulse repetition rate, the controlled velocity of
interelectrode gas flow formed by the gas-circulation system
was ~30 m s™'. Below, the experimental data for all the
schemes shown in Fig. 2 are given for the optimised capacities
Cq=9.5nF and C,; =0.5nF.

An advantage of preionisation by the UV radiation of a
completed CD compared to the corona discharge preionisa-
tion, which is usually used, in particular, in lithographic
lasers, consists in the possibility of controlling the energy
deposition into the auxiliary CD within wide limits. The pre-
ionisation by a completed CD in the form of a uniform
plasma sheet at a dielectric surface (sapphire plate) provides
as high preionisation level as spark preionisation and is free
of such its drawbacks as spatial inhomogeneity, which
decreases the laser energy stability and efficiency at high
pulse repetition rates, and severe erosion of spark electrodes,
which decreases the gas mixture lifetime. The characteristic
rate of ionisation by the UV radiation of a completed CD is
~0.5 x 10'8 electron s~! [19] at a pulse duration of ~30 ns.
The preionisation processes in excimer lasers, which depend
on electron attachment to the gas mixture components and
on the voltage pulse applied to the electrodes, as well as the
most efficient preionisation regimes in excimer lasers, are
considered in [20].
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The experimentally determined gas mixture composition
optimal with respect to the average laser power was F,: Kr: Ne
=3:70:2600 mbar.

The MgF, windows of the laser chamber were inclined to
the laser axis at the Brewster angle. The remote cavity was
formed by a multi-layer mirror with a reflection coefficient
exceeding 99% at a wavelength of 248 nm and a plane-paral-
lel CaF, plate (without coating).

Figure 4 presents the dependences of the laser efficiency
and energy W on the charging voltage U, for pump genera-
tors with a thyratron switch (Figs 2a, 2b) at the pulse repeti-
tion rate f'= 100 Hz. Hereinafter, the efficiency is determined
as the ratio of the laser energy to the electric energy stored in
the storage capacitors C, for schemes in Figs 2a, 2c and C,, C
for the scheme in Fig. 2b.
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Figure 5. Dependences of the laser pulse energy W on the charging
voltage U, in the case of a pump generator based on an all-solid-state
scheme with semiconductor switches.
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Figure 4. Dependences of the pulse energy I and efficiency 5 of a KrF
laser on the charging voltage U, of a pump generator based on (a) a
C-C scheme and (b) an LC inverter.

In the C—C-scheme with the storage capacity Cy = 14 nF,
the maximum laser energy was 120 mJ pulse™! and the maxi-
mum laser efficiency was 3.1% (Fig. 4a).

In the scheme with an LC inverter (Fig. 2b), in which the
storage capacities were Cy = C) = 35 nF and the stored energy
was variable by the charging voltage U, in a wider range than
in the case of the C—C scheme, the maximum power W
reached 160 mJ pulse”!. The maximum laser efficiency (i ~
2.5%) was lower than in the case of the C—C scheme, which is
mainly related to the presence of magnetic switches absorbing
a noticeable part of the stored energy.

Laser efficiencies close to the maximum values (7 ~ 2.4%)
were obtained for another scheme (Fig. 2c) with magnetic
pump pulse compression, in which the stored energy was
lower than for the scheme in Fig. 2b, the specific energy depo-
sition into the discharge being 44 J L~!. The characteristics of
the laser with the pump scheme shown in Fig. 2b only slightly
changed as the interelectrode gap / decreased from 22 to
18 mm, because of which we hereafter use for this scheme an

electrode system with # = 18 mm. From Fig. 5, one can see
that the maximum laser energy of 96 J pulse™! was limited by
the maximum charging voltage U, = 2.2 kV.

For lasers with pump generators based on an LC inverter
and an all-solid-state scheme, Fig. 6 presents the dependences
of the average laser power P and the standard deviation of the
output energy o on the pulse repetition rate f.
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Figure 6. Dependences of the average laser power P and the standard
deviation of the output energy ¢ on the pulse repetition rate of pump
generators based on (a) an LC inverter and (b) an all-solid-state scheme
with semiconductor switches.

From Fig. 6a, one can see that the average laser power of
315 W was obtained at /= 3 kHz using a pump generator
with a thyratron switch designed according to the scheme in
Fig. 2b. In this case, the relative laser energy instability o
monotonically increases with increasing f and reaches 1.4%.
An increase in f above 3 kHz is accompanied by a sharp
increase in the laser energy instability.

A higher laser pulse repetition rate and a higher laser
energy stability were achieved with the use of an all-solid-
state pump system with semiconductor switches (Fig. 6b).
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The maximum average laser power achieved at f'= 4 kHz was
295 W. Upon continuous operation for many hours with the
pulse repetition rate f'= 4 kHz, the parameter o did not exceed
0.7%, which testifies to a high stability and reliability of the
developed high-power excimer laser.

Figure 7 shows a series of laser pulse energies measured at
f=4kHz, which demonstrates a high laser stability. A typical
oscillogram of laser pulses with a duration of 7.5 ns at half
width is shown in Fig. 8.
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Figure 7. Series of laser pulse energies at the pulse repetition rate
f=4kHz, which demonstrates a high laser stability (o = 0.7%).
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Figure 8. Laser pulse oscillogram.

For a plane-parallel cavity, the radiation divergence mea-
sured along two mutually perpendicular directions [along the
smallest (6,) and largest (6,) dimensions of the laser beam]
was 0, x 6, = 0.6 x 1.4 mrad, which corresponds to 604, x
8064y, where 04; = 2A/D; (i = x,y) is the diffraction divergence
of a rectangular beam with the aperture D, x D, [21]. Despite
the rather large beam divergence, the laser was successfully
used for discharge initiation in high-power EUV light sources
[22, 23], pulsed laser ablation for deposition of coatings [24],
etc.

At the same time, for some applications it is desired to
have radiation with better divergence. For this purposes, we
developed and fabricated a series of optical schemes including
a cylindrical unstable cavity, which, as we expect, will allow
us to improve the divergence 6, to 1.764, ~ 0.03 mrad. In
addition, we fabricated a cylindrical mirror telescope and a
lens telescope, both having a magnification M = 8. With the
use of a telescope, we hope to increase the horizontal laser
beam dimension to 24 mm and improve the horizontal diver-
gence 6, to 0.08 mrad. As a hole, using these optical systems,
we expect to achieve the laser beam divergence 6, x 6, ~ 0.08
% 0.03 mrad.

5. Conclusions

The results of our investigations show that the proposed and
developed approach to the creation of high-power excimer
lasers with the use of a new type of a metal—ceramic laser
chamber based on an Al,O; ceramic tube allows one to
achieve a high power (300 W) UV (248 nm) laser radiation
with a high pulse repetition rate (' = 4 kHz). The use of the
developed preionisation system based on a completed CD in
the form of a uniform plasma sheet directed along the laser
electrode simultaneously with the use of the all-solid-state
pump generator with a magnetic pulse compression system
allowed us to achieve highly stable (o = 0.6%) long-term oper-
ation of a KrF laser at f'=4 kHz.
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