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Effect of the pump intensity on the efficiency of a KrF excimer
electric-discharge laser on a He — Kr — F, mixture

A.M. Razhev, A.l. Shchedrin, A.G. Kalyuzhnaya, A.V. Ryabtsev, A.A. Zhupikov

Abstract. The effect of the pump parameters on the efficiency
of operation of a KrF gas-discharge excimer laser on a
He — Kr — F, mixture is studied. A theoretical model of the
excitation system and the kinetic processes in the plasma of
this laser is developed. A pump system based on an LC
inverter with a spark gap as a high-voltage switch, automatic
UV preionisation, and a low-inductance discharge circuit is
created. To increase the efficiency and the output energy of
the KrF laser based on a He — Kr — F, mixture, it is
proposed to enhance the pump intensity to 4 MW em ™3 by
increasing the inductance between the LC inverter and the
discharge circuit to 100 nH. An output energy of 1 J at an
efficiency of 2% is achieved for the first time for the KrF
laser operating on this mixture.

Keywords: KrF excimer laser, output energy, pump intensity, buffer
gas.

1. Introduction

Gas-discharge excimer 248-nm KrF lasers are currently
widely used in microelectronics, photolithography, and
medicine. From the practical point of view, the output
energy and the total efficiency 5 are their most important
parameters. The efficiency and reliability of the laser pump
system, the sort of the buffer gas in the active medium that
determines the cost of the gas mixture, and the charging-
voltage value are also of great importance. This paper
presents the results of theoretical and experimental studies
of the effect of the pump intensity on the lasing efficiency of
a transverse-discharge-excited KrF gas-discharge excimer
laser based on a He— Kr—F, mixture. The pump intensity is
defined as the specific power W of pumping the active
medium expressed by the formula W = E/Vz, where E is
the energy stored in the peaking capacitor, ¥ is the active
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volume, and 7 is the base-level duration of the first half-
period of the discharge current.

A KrF excimer laser on a Ne—Kr—F, mixture with a
pump system based on a scheme with a discharging capa-
citor and automatic UV preionisation was described in [1].
An output energy of 600 mJ at # = 1.6 % was obtained at a
charging voltage of 36 kV, and the maximum efficiency
(2.8 %) was achieved at 300 mJ. The output energy achieved
in [2] using a similar laser with the same pump system was
500 mJ at a total efficiency of 3.9 %. The laser used in [3]
was similar to the latter and allowed an output energy of
810 mJ and 1 = 2.6 % to be attained. It was shown in [2, 3]
that, to obtain high output energies and efficiencies for a
KrF laser on mixtures with Ne as the buffer gas, a pump
intensity of 1.8—2.5 MW cm ™ is required.

The KrF laser on a He— Kr—F, mixture was excited in
[4] using a pump system similar to that described in [1, 2].
An output energy of 500 mJ at # = 1.1 % was obtained at a
charging voltage of 45kV. The maximum output energies of
a KrF gas-discharge laser achieved in [S] were 5 and 4.5 J in
mixtures with Ne and He as buffer gases, respectively. For
this purpose, a complex pump system based on a scheme
with a two-stage Marx generator was developed. It operated
at charging voltages of 190—220 kV. The efficiency of this
KrF laser calculated with respect to the energy stored in
capacitors was 0.53 % and 0.47%, respectively. In [6], the
same authors replaced the Marx generator by an excitation
system of the LC-inverter type with magnetic-compression
sections for exciting an active volume of 6.5 cm x 5.0 cm
x 80 cm, thus allowing the charging voltage to be reduced
from 192 to 65 kV. In this case where the pump intensity
was 0.6 MW cm >, the lasing energy in the Ne—Kr—F,
active medium decreased from 5.0 to 2.5 J, and the total
efficiency increased to 2.5 %. However, since the use of He
as the buffer gas under such a low pump intensity in [6]
made it impossible to achieve high values of the KrF-laser
output energy and efficiency, these data are not reported.

In order to achieve efficient lasing in a KrF laser on a
He—Kr—F, mixture in [7], we increased the pump intensity
to 3.0 MW cm >, thus allowing the output energy to be
increased to 800 mJ at a total efficiency of 2.0 %.

From the papers considered, it follows that the highest
KrF-laser efficiencies and output energies were attained on a
Ne—Kr—F, mixture at a specific pump intensity of
~2 MW cm . When He was used as the buffer gas instead
of Ne, it was necessary to increase the pump intensity to
3.0 MW cm >,

The aim of this work was to study theoretically and
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experimentally the effect of the pump intensity on the
output energy and efficiency of a KrF laser on a He—
Kr—F, mixture and also to study the methods for control-
ling the parameters and to develop a highly efficient pump
system.

2. Experimental setup

We measured the energy and amplitude—time character-
istics of the voltage, current, and radiation pulses in the
nanosecond range. The instrumentation and methods for
measurements are described in [8].

An equivalent electric circuit of the pump system of a
KrF excimer laser (Fig. 1) consisted of storage capacitors C;
and C, connected according to the circuit of an LC inverter
with a spark gap R; as a high-voltage switch. The pump
system included a device for automatic UV preionisation
and a low-inductance discharge circuit formed by a capaci-
tor C; and the active medium with a resistance R3, which
changed from infinity to ~ 0.2 Q. The entire pump system
thus consisted of two circuits: the LC inverter with the high-
voltage switch and automatic UV preionisation (inductor
L,) and the low-inductance discharge circuit (inductor Ls).

YN[ Y
L, g L,
) 3
=G
Ul Ll
D—T_NV\_4 L, g C3 - [] R3
R, TGO
L
-

Figure 1. Equivalent electric circuit of the laser: R; ~ 0.1 Q, R, ~ 0.1 Q,
R; ~0.2Q; C; =50 nF, C, =100 nF, C3; =30 nF; L, =40 nH; L, =
20 nH, Ly = 3.8 nH, Ly = 2.5 pH, Ls = 30 — 100 nH.

The main task of this study was to determine the
parameters of the pump system that ensure both the
maximum efficiency of the energy transfer from the storage
capacitors C; and C, into C3 of low-inductance discharge
circuit and the maximum efficiency of the energy transfer
from Cj to the active gaseous medium, thus limiting the loss
of this energy associated with its partial return to C; and C,.
It was taken into account that a certain fraction of energy
may be lost in the switch as a result of comparatively high
values of its resistance and inductance. Therefore, the high-
voltage switch used in this work was a specially developed
gas-filled spark gap with a resistance and self-inductance
lower than those of a RU-65 standard spark gap [7].

The distance between the main electrodes in the dis-
charge chamber was 2.7 cm, the length of the active part was
59 c¢cm, and the discharge width determined from the light
spot was ~ 1.0 cm. The active volume was thus 160 cm®.
The automatic UV preionisation was accomplished by two
rows of spark gaps arranged on a side of one of the main
electrodes. The discharge chamber was sealed with plane—
parallel MgF, plates, one of which served as the resonator
output mirror. The second mirror was an external dielectric
mirror with a reflectivity of 99 % at a lasing wavelength of
248 nm. The optical length of the resonator was 120 cm.

3. Results

To determine the optimal pump intensities for a KrF laser
on a He—Kr-F, mixture, we have developed a theoretical
model of the pump system and constructed a kinetic model
of the processes occurring in the active medium of this
laser. The results of this analysis were compared to the
results of our experiments.

In the numerical simulation of the discharge and lasing
dynamics, the kinetic equations for the components of the
mixture were solved jointly with an equation for the laser
supply circuit and the Boltzmann equation for the energy
distribution function for electrons in an electric field [9]. The
scheme of kinetic processes that was used in this simulation
included 74 plasmachemical reactions (Table 1). The rate
constants of the processes of interactions between the
components of the gaseous mixture (He, Kr, and F,)
and electrons were calculated from the Boltzmann equation.
The cross sections of elastic and inelastic collisions of
electrons with He and Kr atoms were taken from
[17—19] and [18, 20—23], respectively. The cross sections of
the interactions of electrons with F, molecules are taken
from [24].

The pump system was calculated for the circuit of the
LC inverter with automatic UV preionisation and the low-
inductance discharge circuit (Fig. 1). In this work, the
inductance of the main circuit of the pump system was
increased by introducing an additional inductor Ls that was
installed in the circuit section between the LC inverter and
the low-inductance discharge circuit, as shown in Fig. 1.
This section is in essence a current return conductor. In this
case, the total inductance of the LC inverter is determined
by L = L, + Ls. This method of matching the parameters of
the LC inverter to the parameters of the discharge circuit
was already tested by us in studies of the KrF laser in [7].
However, since the data on the influence of the additional
inductance Ls on the lasing efficiency of this laser were
insufficient, the operation of the pump system with Ls was
not described in detail in [7].

To analyse the pump system theoretically, preliminary
calculations of the output-energy-optimised composition
and the total pressure of the active gaseous medium were
performed. The calculation results have shown that the ratio
of the mixture components He : Kr: F, =89.8: 10:0.2 is
optimal and coincides well with the experimental results
from [7]. The total pressure depended on the charging
voltage and increased from 2.1 to 2.9 atm in the range
of 18-26 kV. The time dependences of the voltage pulses
across C;, C,, and C; and the current pulses through them
were calculated for the above parameters of the active
medium at various charging voltages and coincided to a
10% accuracy with current and voltage oscillograms
obtained experimentally across these capacitors. Hence,
the theoretical model of operation of the KrF laser on a
He—Kr—F, mixture correctly described the experimental
results of studies of the pump and laser-radiation parame-
ters.

The developed model was used to study theoretically the
effect of the inductor Ls on the KrF-laser output energy.
The results of this study (Fig. 2) show that the L5 value
strongly affects the output energy but lies within a certain
narrow range (80—100 nH). The theoretical analysis has
shown that the Ls inductance affects the voltage U at which
the discharge gap is broken down and on the total current J
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Table 1.

Reaction number

Reaction

Rate constant/ em?® 57!

sem® s References

O 0 9 AN L AW N =

10

He+e¢ — He" +e
He+e— Het +e+e
Kr+e—Kr*+e
Kr+e—Kr™ +e
Kr+e—Krt+e+te
Kr*+e—Krt +e+e
Kr*+e—Krt+e+e
Kr*+e—Kr” +e
Kr*+e—Kr*+e
Fy+e—Fy(v)+e
F,+e—F; +e
Fy+e— F5 +2e
Fyte—F+F"
F,+e—F+F+e

Kr" + Kr 4+ He — Kr,” 4+ He
Kr' + Kr+Kr — Kr;” + Kr
Kr* + Kr+ He — Kr; + He
Kr* + Kr + He — Kry + He
Kr* + Kr + Kr — Kr;y +Kr
Kr* + Kr + Kr — Kry + Kr
He* 4+ He + He — He;” + He
He* + He + He — He; + He
Kr+He* — Kr" +He+e
Kr+He" — Kr" + He
Kr+He; — Kr* +2He + e
Kr+ He;” — Kr* + 2He

Kr* +Kr* — Kry +e
Kr* + Kr™ — Kry +e
Kr*+F, - KrF* +F

Kr* +F, - KrF*+F
Kr*+F = KrF* +e

Kr* +F — KrF" +e

Kry +F, — K, F*+F

Kr; +F~ = Kn,F" +e
Kry + F~ — KrF* + Kr
F+He+e— F +He

KrF* +Kr — Kr+Kr+F
KrF* +F, — Kr + 3F

KrF* + 2Kr — Kr,F* + Kr
KrF* + Kr + He — Kr,F* + He
KrF* + Kr + He — F + 2Kr + He
KrF* +2He — F + Kr + 2He
KrF*+F~ — Kr+2F +e¢
KiF*+e—Kr+F+e
KrF*+e— Krt +F+2¢
Kr,F* + Kr — KrF* + 2Kr
Kr,F* + He — KrF* 4 Kr + He
K, F* + F, — 2Kr + 3F
KryF*+F —2Kr+2F +e
KryF*+e—2Kr+F+e
Kr,F* 4+ ¢ — Kri +F +2¢
F;y +F —F,+F
Kr"+F +M - KrF*+M
Kry +F~+M — Kn,F* + M
He* +F +M — He*+F+M
Hey +F~ +M — 2He+F+M
Kry + e — 2Kr+e

He; + e —2He +e

Kry + e — Kr* +Kr

Calculated from the Boltzmann equation

10732 T —-0.75

[10]
1.5x 107327707 [10]
10—33T—0.75 [10]
10—33T—0.75 [10]
3x 10737707 [10]
3x 10737707 [10]
1.1x 107 [9]
0.43 x 107 [9]
2x 10710 [10]
107" [10]
3.7x 10710 [10]
2x 1071 [10]
107? [11]
1077 [11]
107° [11]
107° [11]
5.4 %1077 [11]
5.4 %1070 [11]
2.1x1071° [10]
3% 107° [10]
4% 10707713 [10]
6.6 x 1073#7,713 [10]
8.6 x 1072 [10]
5x 10710 [10]
4% 107327,707 [10]
2 x 10727,07 [10]
5% 107! [11]
5% 10732 [11]
2x107° [10]
2x 1077 [10]
4% 10T, exp(—9/T.) [10]
3.5 x 1072 T%7 exp(—0.49/T) [10]
1.7 x 1073 7% exp(—0.49/T) [10]
2x 10710 [10]
24x107° [10]
23x1077 [10]
4 %1077, exp(—8.5/T.) [10]
1076 [10]
Calculated from the Flannery formulas [13]
" [13]
_n_ [14]
" [14]
3% 1078 [10]
3.8x107° [10]
1077 [11]

See Continuation of Table 1 on the next page.
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Reaction number Reaction Rate constant / em® s om® 57! References
60 He, + e — 2He 0.2x107(T/T,)"? 9]

61 Kr*+e—Kr+e 2x1078 [10]
62 Kr* +e—Kr+e 2x 1078 [10]
63 He* +e— He+e 2.6%x107° [10]
64 Kr* — Kr* +hv' 3.4 x 10 [15]
65 Kr* +hv— Kr +e 13x107"5s [16]
66 Kr™ +hv— Krt +e 45x107 %8s [16]
67 hW+F~ —F+e 56x 10785 [12]
68 hv+F, - 2F+e 1.5%x107% [12]
69 hv+Kry — Kr™ +Kr* 1.6 x 107" cm? [12]

70 h+KnF* > Kr+F+Kr' +e 1.6 x 10785 [12]
71 hv + KrE* — KrF(X) + 2hv 253 x 1070 [12]

72 KrF* — KrE(X) 4 hv 1/(7%x107%) [10]

73 KrF(X) — Kr+ F 1/(2x 107%) [10]

74 hv + KrF(X) — KrF* 253 x 10710 [10]
Note: (M) buffer gas; ( X') ground state of an excimer molecule; 7 and T, are measured in kelvins.

through the active medium. In addition, as Ls increases, the U/xv 70 | 7/kA 1 At/ns
delay At between the onsets of the UV preionisation pulse 40 | J 1 160
and the current J pulse through the gaseous mixture also 60 -

increases. This has a positive effect on both the volume- At - 140
discharge homogeneity and the efficiency of energy depo- 36 -

sition into the active medium. The results of the theoretical 50 - 1120
analysis were confirmed experimentally. When the addi- U 1 100
tional inductor Ls was absent, the self-inductance of the LC Ryt

circuit was ~ 30 nH. This inductance was initially mini- 4 80
mised (this is a usual tendency in designing the pump 2 L 30k

systems for excimer lasers) and was obtained as a result 160
of a special arrangement of the storage capacitors Cy, C, 140
and switch R; around the low-inductance circuit formed by 24 0F78

the discharge chamber and storage Cj. 20 40 60 80  Ls/nH

E/T }
0.8 F
o
0.7
0.6 F
0.5
o U, =23kV
04 L m U, =21kV
' e U =19.5kV
0.3
02 1 1 1 1 1
20 40 60 80 100 Ls/nH

Figure 2. Calculated laser output energy E as a function of the Ls
inductance at various charging voltages U .

Figure 3 shows the experimental dependences of the
voltage U across the discharge gap, the total current J
through it, and the delay time Az on the introduced induc-
tance Ls. As Ls increases to 80 nH, all these parameters
increase considerably, and between 80 and 100 nH this
process saturates. Measurements of the output energy E
yielded a similar dependence on the Ls value. At Ls >
100 nH, a decrease of both the lasing energy and the total
laser efficiency was observed. The optimal Ls value is thus
80—100 nH. In subsequent studies, we used Ls = 80 nH.

Figure 3. Voltage U across the discharge gap, the discharge current J,
and the delay time Ar between the UV preionisation onset and the
breakdown of the discharge gap as functions of the Ls inductance at a
charging voltage U, = 21 kV.

Under such conditions, virtually linear dependences of
the voltage U across the discharge gap and the total current
J through it on the charging voltage U; were obtained
experimentally (Fig. 4). They corresponded to a linear
dependence of the pump intensity W on the charging voltage

U/kV W/MW cm™ J/kA
50+ L b
- J -
6|
40 - 60
- U
30 + ‘r - 40
w
20 2L A.m, e —experiment 120
L o,0 — calculation ]
10 i 1 1 1 1 1 1 1 1 1 0

18 20 22 24 U /kv

Figure 4. Calculated and experimental dependences of the voltage U
across the discharge gap, the discharge current J, and the pump intensity
W versus the charging voltage U; at Ls = 80 nH.
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U,. For the minimum charging voltage U, = 18 kV, the
pump intensity W =19 MW cm™>; for U, =26 kV, the
pump intensity W =4 MW cm .

Figure 5 shows the output energy and the total efficiency
n for the KrF laser on the He— Kr—F, mixture as functions
of the charging voltage U;. One can see that when the
charging voltage rises from 18 to 26 kV, the output energy
increases from 0.47J to 1.0 J, while the efficiency changes
very slowly from 1.9 % to 2 %.

E/J 1 (%)
1.0 _
L 45
0.8 F E iy
14
0.6 - 13
. i
04| o T |2
0‘2 1 1 1 1 1 1 1 1 1 ] 1

18 20 22 24 U, /kV

Figure 5. Experimental dependences of the output energy E and the total
efficiency 5 of the KrF laser on the charging voltage U, for the active
medium with a composition He : Kr: F, =89.8:10: 0.2 at Ls = 80 nH.

The maximum output energy at n =2% is 1 J. The
results of studies allowed us to determine the optimal values
of the pump intensity for the KrF laser on the He—Kr—F,
mixture. Figure 6 shows the total lasing efficiency as a
function of W. Obtaining the maximum efficiency under
such excitation conditions requires a pump intensity of 3—4
MW cm 3, which is higher than the optimal values obtained
in [4, 5].

1 (%)
2.2 n
[ ]
2.0
1.8
1.6 1 1 1 1 1 1

4 W/MW cm™’

Figure 6. Total efficiency # of the KrF laser versus the pump intensity W
for the active medium with a composition He : Kr: F, =89.8:10:0.2
at Ls = 80 nH.

4. Discussion

To achieve high values of the efficiency and output energy
of the KrF laser on the He—Kr—F, mixture, we have
proposed to increase the pump intensity to 4.0 MW cm™;
this was realised by increasing the inductance of the main
circuit in the pump system by including an additional
inductor Ls in the circuit (Fig. 1).

In our opinion, the effect of this inductor on the
efficiency and output energy of the KrF laser on the

He—Kr—F, mixture is as follows. After the switch in the
LC inverter is turned on and the voltage polarity at C; is
reversed, the energy of the capacitors C; and C, is trans-
ferred to C; of the low-inductance circuit. It is obvious that
the efficiency of the energy transfer from C; and C, of the
LC-inverter circuit to C is a parameter that determines the
efficiency of operation of the pump system. The transfer
efficiency depends on the L, value; the lower this induc-
tance, the higher the capacitors’ charge-exchange rate and
the lower the energy lost in this processes. However, when
the capacitor C; subsequently charges to the breakdown
voltage of the gap between the main electrodes, it is broken
down, its discharge begins, and the energy from C; is
transferred to the active medium and also returns to the
LC inverter. This leads to a loss in the energy deposited into
the discharge. This loss can be reduced by increasing the
inductance of the main discharge circuit by adding the
inductor Ls, which in aggregate with L, limits the return
current from C; to the capacitors C; and C, of the LC
inverter. The Ls inductance cannot obviously be high, since
this decreases the efficiency of the energy transfer from C,
and C, to C;; however, it cannot be lower than a certain
value (80 nH in our case) in order to prevent the reverse
process. This conclusion is confirmed by a theoretical
analysis of the current pulses through these capacitors
and voltages across them at the instant of C; discharge
for different Ls values. As a result, both the voltage across
the discharge gap and the current through it increase, and
the energy deposited into the active medium thus also
increases. As a consequence, the output energy and effi-
ciency of the KrF laser on the He—Kr—F, mixture also
increase.

When the Ls inductance increases to 80 nH, the delay of
the discharge-gap breakdown onset relative to the onset of
the UV preionisation pulse increases from 90 to 140 ns,
which always affects the volume-discharge homogeneity. It
was shown in [25, 26] that, when the delay of the main-
discharge onset relative to the onset of the UV preionisation
pulse changes from 0 to 4000 ns, the maximum output
energy of excimer lasers is achieved at Ar = 200 — 300 ns;
this is explained by a combination of the required preio-
nisation intensity and homogeneity determining the space-
discharge homogeneity at high pressures. Hence, approach-
ing this range of optimal delays must also result in an
increase in the laser output energy and efficiency.

5. Conclusions

We have developed a theoretical model of a KrF gas-
discharge excimer laser on a He—Kr—F, mixture. A pump
system based on an LC inverter with automatic UV
preionisation and an additional inductance is created.
The effect of the excitation parameters on the output
energy characteristics of a KrF laser on a He—Kr—F,
mixture is studied theoretically and experimentally. To
enhance its output energy and efficiency, it is proposed to
increase the pump intensity by using an additional
inductance of ~ 80 nH in the LC inverter. It is shown
that the maximum output energies are achieved at a specific
pump intensity of ~ 4.0 MW cm ™. The maximum output
energy for the He— Kr—F, mixture at a charging voltage of
26 kV is 1.0 J, which corresponds to a pulse power of
> 40 MW for a pulse FWHM of 24 ns.
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