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Formation Dynamics of Excited Components

in ArF Excimer Laser Discharge
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Abstract Time-resolved density measurements of excited components in a discharge pumped
ArF excimer laser were performed using laser absorption probing with a cw dye laser pumped
by a Art laser. The dependence of the He* 2p3P densities on the gas parameters were
measured. The relationships between laser oulput power and the number densities of He* are

discussed. The relationships between the laser output power and the formation rate of Art

ions by Penning ionization with He* atoms are also discussed.

1. Introduction

Discharge pumped excimer lasers are high
power and high efficiency coherent light sources
in the ultraviolet (UV) region of spectrum. Pos-
sessing the shortest wavelength (193nm) among
rare gas halide lasers , the ArF lasers have the
highest photon energy, so that they are capa-
ble of initiating photochemical reactions by a
single photon. They have numerical applica-
tions such as photochemistry, photolithography
of very large scale devices, photochemical va-
por deposition, and spectroscopy!~®. Many re-
markable advances have been made in excimer
lasers for high power or for high efficiency.

On the other hand, the investigations of
excitation mechanism by computer modeling
have been reported”~'). They have currently
aroused great interest as a useful means for in-
vestigating the physical process occurring in the
active medium, the influence of the large num-
ber of parameters on the lasing pulse and as a
helpful tool for the optimization and develop-
ment of various laser designs. But most of the
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computer modeling involve several assumptions
and parameters obtained by the simulation are
different from those of actual laser devices in
some points. In order to confirm the analyses
of the kinetic model of the lasing by computer
modeling and understand physico-chemical pro-
cess in discharge plasma, experimental determi-
nation of plasma discharge parameters in ex-
cimer laser discharge is necessary. Reliable di-
agnostic data for the discharge plasma is of
great importance for the further development
of excimer laser physics. Especially it is impor-
tant to measure the particle number densities
of excited atoms and ions and study their roles
on laser performance and basic plasma-chemical

reactions in laser active medium.

Thanks to its high spectral, temporal, and
spatial resolution, dye laser absorption spec-
troscopy is a useful method for measuring par-
ticle number densities in excimer lasers, and
makes it possible to study the dynamics of for-
mation and decay of excited atoms, ions, and
molecular complexes. As for XeCl excimer
lasers, the quantitative studies of formation dy-
namics of excited components in the discharge
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plasma from the data of dye laser absorption

probing have been carried out!!~4)

. However,
those on ArF excimer lasers have not been re-
ported. '

In this paper, the absorption coefficient of
the He* 587.6nm line (2p°P — 3d®D) in the
ArF excimer laser discharge was measured us-
ing laser absorption spectroscopy with a cw ring
dye laser as a light source. Time-resolved He*
number densities at the 2p3P level were ob-
tained from the measured absorption coefficient
for various gas mixtures. We discuss the role of
buffer gas He on the laser performance from the
viewpoint of the formation kinetics of excimer
molecules.

2. Principle of measurement

The well known derivation method of the
atom density at the lower level from the absorp-
tion coefficient of line is described by Mitchell
and Zemansky'). The function of the incident
light of frequency v that passes through an ab-
sorbing layer of thickness L is given by

II—" = exp(—kvL) 1)

where Iv and Iy are the transmitted light in-
tensities with and without absorption at a fre-
quency v respectively, and kv is the absorption
coefficient as a function of frequency. The in-
tegral of the absorption coeflicient is expressed
lxyls)

/ kvdy = 282N 4 2)

8T g1

where Ag is the wavelength of the transition and
g1 and g are the statistical weights of lower and
upper levels respectively, N is the atom density
at the lower level and A is the Einstein coef-
ficient. It is assumed that the density at the
upper level is much smaller than that at the
lower level. Therefore, by using the measured
absorption profile, the atom density N at the
lower level is calculated.

3. Experimental Apparatus

The object of the investigations is the dis-
charge pumped excimer laser constructed by
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Fig. 1 Cross-sectional view of the laser.

ourselves. Figure 1 shows the cross-sectional
view of the excimer laser. This laser is of
capacitor-transfer with automatic UV preion-
ization type, controlled by an EG&G LS 4111
thyratron switch. The storage capacitor O
and the peaking capacitor C, contain 40 and
24 doorknob ceramic capacitors of 1.7nF, and
their capacitances are 68nF and 40.8nF respec-
tively. The driving voltage is 30kV. The stain-
less electrodes are designed for Ernst profile'®).
The length of the discharge gap is 60cm and
the transverse cross section of the discharge is
0.8cm (width) x1.8cm (height). For preioniza-
tion sparks, an array of small 72 nickel pin gaps
(2mm) is located 1.2cm apart from the cathode
in two lines. The optical cavity consists of a
highly reflective dielectric-coated external mir-
ror and uncoated quartz window of the laser
tube, separated by 90cm.

Figure 2 shows the schematic diagram of
the experimental apparatus. The laser beam of
the ring dye laser was used as the light source
for absorption spectroscopy. The ring dye laser
(Coherent Model CR-699-21) produced tunable
single-frequency radiation. The cw argon ion
laser (Coherent Innova 90-5) was used to opti-
cally pump the dye (Rhodamine 6G). The tun-
able wavelength of the dye laser was in the
range between 570nm and 610nm at a linewidth
of 2GHz (with a three-plate birefringent filter).
The diameter of the laser beam waist was about
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Fig. 2 Schematic diagram of experimental apparatus.
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Fig. 3 Transient transmission waveform near
the 587.6nm line center in the ArF ex-
cimer laser discharge using gas mixture

of Fy:Ar:He = 0.2:10:89.8 at the total

pressure of 2.5atm.

3mm and its power was about 600mW.

The output of the ring dye laser was tuned
to the He* 578.6nm (2p°P — 3d°D) line. The
laser beam passed through the plasma and was
detected with a monochromator and a pho-
tomultiplier. The data of 64 measurements
at one wavelength were averaged by using a
digitizing-oscilloscope before subsequent trans-
ferral to a microcomputer, and permanent stor-
age on floppy disks. The measurements of the
voltage pulses were made with a handmade
CuSO,4 voltage divider. The voltage between
the two electrodes was used as triggering sig-
nals of the digitizing-oscilloscope.

From the transient transmission waveform
at a frequency v, the transmitted light intensi-
ties I, with absorption and I,, without absorp-

tion at a frequency v were measured. From the
ratio I,/1,,, the absorption coefficient kv at a
frequency v was obtained using equation (1).
From the obtained absorption coefficient profile,
the time-resolved He*(2p®P) density was calcu-
lated using equation (2).

4. Results and discussion

The concentration of excimer molecules is
the main parameter of the active medium of
an excimer laser. The main ArF* excimer for-
mation channels in Fy/Ar/He mixture consid-
ered and reported with computer modeling
are three body ion-ion recombination and har-

pooning reaction shown below!”~19)

Art +F~ + He — ArF* + He (3)

(4)

and it is considered that Penning ionization

Ar* +F — ArF*

shown below is a reaction of the Art formation
19,20)

Ar 4 He* — Art + He + e (5)

Hence, Ar*t, F~, Ar*, and He* play important
roles in ArF* excimer formation.

Figure 3 shows an example of the tran-
sient transmission waveform near the line cen-
ter (587.6nm) in the ArF excimer laser using
gas mixture of Fy/Ar/He. The gas mixture was
Fy:Ar:He = 0.2:10:89.8 and the total pressure
was 2.5atm. In the case of measurements of He*
(2p°®P), since the energy levels of He* atoms in
the 2p®Py, °P; and ®P; states were close and
the line absorption line profiles connecting with

the upper level overlapped one another'?13),
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the densities could not be obtained individu-
ally. Therefore, the total densities of He* atoms
in the 2p3Py, *P; and 3P, states were calculated
by integrating the total line profile directly and
using equation (2).

Figure 4 shows an example of the measured
time dependence of He* densities. The time
origin corresponds to the start of the main
discharge. The gas mixture was Fy:Ar:He =
0.2:10:89.8 and the total pressure was 2.5 atm.

Figure 5 shows the temporal behavior of the
He* density, the emission of the ArF* excimer
and the voltage across the discharge electrodes.
The first sharp peak of the voltage trace is due
to the short of the preionization gaps. After
break down, the discharge current rises up and
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Fig. 4 Timeresolved He* (2p®P) density in
the ArF excimer laser discharge using
gas mixture of Fy:Ar:He = 0.2:10:89.8
at the total pressure of 2.5atm.

following that the He* density increases. About
40ns and 20ns time lags of the peak of the emis-
sion of the ArF* excimer are observed behind
the break down and the peak of the He* density
respectively. This is due to the time lag of ArF*
excimer formation.

Figure 6 shows the He* density as a func-
tion of F, fractional concentration. The He*
densities were measured for three kinds of F,
fractional concentration of 0.1%, 0.2% (opti-
mum),and 0.3%. The Ar fractional concentra-
tion and the total pressure were kept 10% and
2.5atm respectively. Though the He* density in-
creases very slowly with the increase in F5, there
is little influence of F, fractional concentration
on the He* density within the F, fractional con-
centration of 0.3%. On the other hand, F, frac-
tional concentration influences on the laser out-
put power.

In this case the Ar fractional concentration
is fixed and the electron density affects on the
He* density. In the early glow discharge, the
electron density grows rapidly because the rate
of electron production through the reaction

Ar+e— Art + 2e (6)

is a very strong function of the effective field in
the discharge as compared with the rate of dis-
sociative attachment of F5. But in the middle
of the glow discharge the dissociative attach-
ment of F, does indeed become an important
process because of drastic cooling of electron
temperature®?). Since the He* density increases
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Fig. 5 Temporal behavior of the He*density (a), the discharge voltage (b), and the emission of ArF*
excimer (c) in the ArF excimer laser discharge using gas mixture of Fy:Ar:He = 0.2:10:89.8 at

the total pressure of 2.5atm. Horizontal axis : 50ns/div.
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Fig. 6 He* density as a function of F, fractional
concentration. Ar fractional concentra-
tion and the total pressure are 10% and
2.5atm respectively.

rapidly after break down and has the peak in
the early discharge as shown in Figure 5, the
influence of F, fractional concentration on the
peak of He* density is rather small, as described
above.

When F, fractional concentration is in-
creased, the reactions described below affect
on the laser performance. Formations of ArF*
excimer by three body ion-ion recombination
(3) and harpooning reaction (4) become active.
On the other hand, quenching of ArF* excimer

shown below!7:18)

ArF* + Fy — Products (7
and photoabsorption of 193nm (ArF*) shown
below?2:23)

F,+hy — F+F (8)
FT4+hv — F+e 9)

also become active, and addition of Fy affects
on the laser performance.

Figure 7 shows the He* density as a function
of Ar fractional concentration.The F, fractional
concentration and the total pressure were kept
0.2% and 2.5atm respectively. The He* densi-
ties were measured for three kinds of Ar frac-
tional concentration, 5%, 10% (optimum), and
15%. The He* density decreases rapidly with
the increase in the Ar fractional concentration.
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Fig. 7 He* density as a function of Ar fractional
concentration. Fy fractional concentra-
tion and the total pressure are 0.2%
and 2.5atm respectively.

When Ar concentration is increased, Pen-
ning onization (5) becomes active and the de-
cay rate of the He* by Ar* ions formation in-
creases. The dominant electron formation pro-
cesses are the direct and two step ionization of
Arie.

Ar4+e — Art +2e (10)
Ar4+e — Arf+e (11)
Ar*+e — At +2e (12)

and the energies required for those reactions are
15.8¢V, 11.5eV, and 4.3eV respectively. Hence,
the discharge impedance decreases at higher Ar
partial pressure, and at the same time the elec-
tron energy decreases owing to the collision of
the electrons with Ar atoms. Lower energy elec-
trons increase and the formation of He* atoms
decreases.

As shown in the three body ion-ion recom-
bination (3), Ar™ ions are concerned with the
formation of ArF* excimer. Figure 8 shows
the formation rate of Art ions in the reaction
(5) as a function of Ar fractional concentration.
The formation rate of Ar* ions was calculated
on the assumption that the overall density of
He* atoms is proportional to the density of He*
at the level of 2p®P. The dependence of the
peak laser output power is also presented. The
F, fractional concentration and the total pres-

sure were kept 0.2% and 2.5 atm respectively.
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Fig. 8 Dependence of peak output power (o)
and Art formation rate (o) for Ar frac-

tional concentration.

With the increase in the Ar fractional concen-
tration, the peak laser output power increases
until reaching 10% and then decreases. The for-
mation rate of Art ions in the reaction (5) has
a similar disposition to that of the peak laser
output power. It seems that He* atoms have
some relations with the ArF excimer laser per-

formance through Art* formation reaction (5).

5. Conclusion

By using absorption spectroscopy with a
ring dye laser pumped by an argon ion laser
as a light source, the measurements of the time-
resolved particle number of the He* (2p°P) den-
sity in the ArF excimer laser discharge have
been carried out. The dependence of the He*
densitjes as a function of Ar fractional concen-
tration and F, fractional concentration has been
investigated. It was found that the peak of the
He* density was influenced conspicuously by Ar
fractional concentration in comparison with Fy
fractional concentration. He* atoms may play
important roles in the formation channel of Ar*
ions and may be concerned with the laser peak
output power. For further quantitative study
of ArF excimer formation, the measurements of
other excited components (Ar*, Art, F~) den-
sities and the electron density remain as future

tasks of importance.
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