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Abstract—The effect of the energy flux density of a pulsed Kr—F laser on the processes of generation of the
laser plasma of tin, palladium and platinum and on the deposition rates of metal films on dielectric substrates
in laser ablation have been studied. The use of the differential scheme of probing a laser plasma with Faraday
cups and time-of-flight mass spectrometry has made it possible to distinguish, in plasma ion signals, the ranges
of singly charged and multicharged ions, which differ in kinetic energy. The film deposition rate depends on
both the laser energy flux density and the degree of ionization of the laser plasma.
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The structure and morphology of oxide films depos-
ited by pulsed laser ablation depend mainly on the
energy characteristics of laser plasma related to the
radiation flux density on the target J [1, 2]. The radia-
tion flux density J is the ratio of the laser pulse energy
W to the irradiated target surface area s (J = W/s). The
flux density can be varied by changing either the laser
pulse energy or the area of the focused spot on the tar-
get. However, changes in each of these quantities can
lead to different changes in the laser plasma character-
istics. It was found [3] that a proportional increase in
the area and energy, the J value being unaltered, has a
considerable effect on the energy spectrum of laser
plasma ions, which is due to an increase in the region of
interaction between the laser radiation and the laser
plasma itself. To prevent this effect, in this work, the
flux density was varied by changing the laser pulse
energy with a minimal area of the focused spot on the
target being retained.

The plasma of a compound deposited by pulsed
laser ablation is usually sufficiently ionized to be stud-
ied by Langmuir probes [4, 5]. These measurements
make it possible to estimate the kinetic energies and
concentration of singly charged particles and the
plasma temperature. However, as applied to a station-
ary equilibrium plasma, interpretation of the current—
voltage curves obtained with such probes is rather
ambiguous and depends on the parameters of both the
probe and the plasma to be studied [5]. A major distinc-
tion of a nonstationary pulsed laser plasma is the
ordered motion of differently charged particles whose
concentrations and velocities vary in time and space.
This can lead to false signals related to displacement
currents, secondary particle emission, and impact ion-
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ization of highly excited atoms impinging on the sur-
face of a probe collector [4]. To prevent, insofar as pos-
sible, these interferences, we used screened grid probes
of the Faraday cup type with a biased collector oriented
normally to the direction of plasma propagation [5]. In
addition, a differential scheme of measuring the plasma
spread velocities by two identical probes located at dif-
ferent distances from the target were used, which elim-
inates the errors caused by the uncertainty of the plasma
pulse onset and duration with respect to the laser pulse
for different radiation energies [6, 7]. The charge mul-
tiplicity in the laser plasma was determined by time-of-
flight mass spectrometry [8, 9]: changes in the velocity
of different charges passing through an electric field
generated by parallel grid electrodes were recorded.

EXPERIMENTAL

The scheme of the experimental setup and main
devices—an excimer pulsed Kr-F laser, a vacuum
chamber, and an optical system that focuses the laser
beam on targets—were described in detail in [2, 7, 10].
Instrumentation for differential probe measurements
was described in [6, 11]. In the present work, targets
were plates made of tin (10 mm in diameter and 3 mm
in thickness), palladium (10 X 10 x 0.5 mm), and plati-
num (10 X 10 x 1 mm). Metals for all targets had a
purity of 99.9999%. The pressure in the vacuum cham-
ber during experimental runs was maintained at the
level p = 1073 Pa. The laser pulse energy was varied by
controlling the voltage on the discharge circuit of laser

pumping.
To determine the energy flux densities, the pulse
energy and the area of the focused spot on the target
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Fig. 1. Signals for the (/) nearby and (2) distant probes
(Ar =4 cm) in a palladium laser plasma at energy flux den-

sities of (a) 80, (b) 40, and (c) 20 J/em?.,

should be known. In preliminary experiments, we dem-
onstrated that the size of the ablation crater formed on
polished metal targets by a sharply focused laser beam
depends on the pulse energy. The crater sizes were mea-
sured by an IZA-2 microscope and a Talystep profilo-
meter on fixed targets exposed to 20-pulse trains. These
measurements showed that, at high ablation thresholds,
the crater area can be approximated using a least-
squares procedure by the linear function s(W) = kW +
0.12 (mm?) with an accuracy of 5%. Inasmuch as the
minimal energies at which a crater can form on the sur-
face are determined by the laser ablation thresholds
(W > 0), which depend on the electrophysical proper-
ties of the target material [6, 12], the true geometric size
of the focused spot area can be determined by extrapo-
lation of the experimental plot to the value W=0: s(0) =
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Fig. 2. Signals for the (/) nearby (Uy() and (2) distant (Us)
probes (Ar =7 cm) in a platinum laser plasma at energy flux
densities of (a) 80, (b) 40, and (c¢) 20 Jem?.,

0.12 mm?. Thus, the energy flux density was calculated
by the formula J = 10*W/12 (J cm™).

The probes were located at different distances
(ry, rp) from the target but at the same angles in the
plane near the normal to the ablation zone in order to
avoid shielding of a probe by the other one. Figures 1
and 2 show the signals of the nearby and distant probes
for different energy flux densities on the targets corre-
sponding to the ion currents of palladium and platinum.

Comparison of the signals of probes 1 and 2 (Figs. 1
and 2) shows that, while the signal is recorded, the par-
ticle velocity changes from maximum to minimum
since the corresponding time lag between the arrivals of
charges at the probes increases from minimum to max-
imum. On the one hand, ion currents can be calculated
by the Ohm law from the voltage drop induced by
charged particles at the output resistors of the probe
collectors (R = 1 kQ). On the other hand, the current
induced by charges moving in space is determined as
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the derivative of the charge ¢ with respect to the time ¢
at the point r of space [6, 12]:

I(t) = dqldt = (dql/dr)(drldt) = p,(t)V(t), (1)
where p,(7) is the linear charge density, and V(7) is the

charge velocity.

Signal processing and calculations of the ion veloc-
ity—energy spectra were performed based on the numer-
ical solution of Eqgs. (1)—(4):

+oo

J.Il(t)dt
I2n(t) = IZ(t):;—’ (2)
j12(t)dt
0
j 1,(x, r)dx = J L,(y, r+ Ar)dy, (3)
0 0
_ Ar
Vi) = ©

Here, I, and I, are the ion currents of probes 1 and 2,
respectively; Eq. (2) is the condition of normalization
of the ion current of probe 2 to the current of probe 1;
1,, are the normalized currents of probe 2; Eq. (3) is for
calculation of the time delay T between the arrivals of
equal integral charges at the probes; Eq. (4) is for cal-
culation of the velocities, which are substituted into
Eq. (1) to obtain the charge distribution density, Ar =
r, — r;. Equations (1)—(4) make it possible to calculate
not only the velocity and, thus, energy spectra of ions
which are usually obtained by means of time-of-flight
mass spectrometric studies of laser plasma [8, 9], but
also time-dependent instantaneous spectra [6]. To
determine the charge multiplicity by means of a linear
electrostatic mass spectrometer, a grounded screening
grid was placed between the target and the first probe,
and accelerating (decelerating) grids with the same
potential U with respect to the ground were placed
behind the first and the second probes. Thus, the more
distant probe is in the region of the drift of charged
plasma particles. Comparison of the changes in the
time of detection by the probes of the ion currents in the
leading and falling edges of ion signals and calculation
of velocities for potentials of different magnitude and
polarity on the grids made it possible to calculate the
charge multiplicities (k;) of ions relative to the elemen-
tary charge (g.) by the formula [8, 9]

%4|vf—vé,~| = kiq.|Ul, ®)

where M is the ion mass, V|, is the ion velocity in the
absence of an external electric field, and V; is the ion
velocity modified by an external electric field of volt-
age U.
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Fig. 3. Pd, Pt, and Sn film thickness (per pulse) as a function
of the energy flux density of the Kr—F laser.

The calculated charge multiplicity for the leading
edge of the ion current, k; = 1.9, is close to 2, and that
for the falling edge, k, = 0.9, is close to 1. This can be
accepted as a good approximation, taking into account
that Eq. (5) implies the existence of a homogeneous
electric field between the screening and accelerating
grids, which is the case only for a field between infinite
parallel planar conductors, with no other conductors
between them [8]. At the same time, these calculations
did not reveal, in the probe signals of laser plasma ion
currents, the presence of charged clusters with masses
multiple of the masses of metal atoms.

To determine the mass loss of the targets in ablation
and metal film thicknesses as a function of the energy
flux density, substrates made of polished oxidized sili-
con, glass ceramics, or polycor were mounted parallel
to the target at the place corresponding to the maximum
of the metal deposition surface density. The substrates
were fixed at a distance of 4 cm from the target in a
holder, behind which a tungsten coil electric heater in a
quartz tube was located. Metal deposition was carried
out through a mask with a 4 X 8 mm window applied to
the substrate surface. Prior to laser ablation of the tar-
gets, the masked substrates were degassed by heating
them to 240°C in a vacuum for 1 h and then were cooled
in a vacuum for 1 h. In these experiments, the laser
pulse frequency was 500 pulses/min (~8.3 Hz). The
laser ablation duration was varied to achieve the neces-
sary accuracy of measuring film thicknesses on a pro-
filometer and weighing target mass losses on an analyt-
ical balance. The results of these runs are presented in
the table and Fig. 3. For tin films, the thickness data are
limited by the energy flux energy J ~ 25 J/cm? (for Pt
and Pd, J ~ 100 J/cm?) since, under the constant focus-
ing conditions used, a further increase in J causes the
appearance of plasma particles of uncontrollable size,
which impairs the accuracy of measurements of depos-
ited film thicknesses and target mass losses (for tin tar-
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Table
Target Energy ﬂux2 Number Target mass loss, | Average film Target mass loss | Film thickness per
density, J/cm of pulses mg thickness, nm | per pulse, g/pulse | pulse, nm/pulse
Pd 20 7500 0.5 30 0.7 x 1077 4x1073
40 7500 0.9 55 1.2x 107 7%x1073
60 7500 1.4 85 2.1x 1077 11x1073
80 5000 1.6 95 3.2x1077 14 x 1073
100 5000 - 110 - 20x 1073
Pt 12 10000 0.9 30 0.9 x 1077 3x 1073
25 10000 2 60 2x 1077 6x1073
50 7500 29 75 3.9x 1077 10x 1073
100 5000 - 60 - 12x1073
Sn 12 10000 - 70 - 7%x107
25 10000 - 160 - 16 x 1073

gets, this is also due to their large initial masses). The
minimal energy densities for zero film thicknesses in
Fig. 3 were obtained from probe measurements of tar-
get ablation thresholds [6]. The lines in Fig. 3, drawn
using the Excel program, approximate the experimental
values by third-order polynomials.

RESULTS AND DISCUSSION

In the energy flux density range 10-50 J/cm? for Pt
films (up to 80 J/cm? for Pd), the film deposition rates
are directly proportional to the target mass loss and the
energy flux density (table, Fig. 3).
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Fig. 4. Limits of changes in the kinetic energy of singly

charged (Pt* and Pd*) and multicharged (Pt"* and Pd"*)
ions of the platinum and palladium laser plasma as a func-
tion of the energy flux density of the Kr—F laser on the tar-

gets.
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At r = 4 cm, the surface atom distribution densities
per laser ablation pulse as a function of the energy flux
density were calculated from the experimental data on
film thicknesses (deposition rates), the tabulated mass
volume densities of the metals and their atomic masses,
and the Avogadro number [13]. For palladium,

NS () = (0.56J +30.1) x 10'2 at/pulse cm?.  (6)

For platinum,

Ng. (J) = (0.62J + 80.1) x 10'2 at/pulse cm?.  (7)

Here, N(I;i[, (J, r) is the surface distribution density of

atoms on the substrate located at the distance r from the
target along the normal to the ablation zone.

Figure 4 shows the limits of the change in the kinetic
energies of Pt and Pd ions calculated from the experi-
mental dependences of ion currents on time and energy
flux density on the target. The ranges of singly charged
and multicharged ions are shown. As is seen, the maxi-
mal kinetic energies of ions of the corresponding mul-
tiplicity for palladium are higher than for platinum. In
the energy flux density range ~10-80 J/cm?, the kinetic
energies of palladium ions are constant (within the
error of measurements). They increase only in the
ranges from the ablation threshold to 10 J/cm? and from
80 to 100 J/cm?. The maximal kinetic energies of plati-
num ions increase over the entire range studied, from
the ablation threshold to 100 J/cm?.

Noteworthy are the differences in the degree of ion-
ization of the Pd and Pt plasmas, which can be calcu-
lated from the ratio of integral ion charge densities on
the probe collectors recalculated to the distance to the
target (4 cm) to the surface atom distribution densities
(6) and (7). These calculations show that the degree
ionization of the metal plasma increases with an
increase in the energy flux density from 10 to 80 J/cm?.
The degree of ionization of the laser plasma for Pt (3.2—
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21.6%) is higher than that for Pd (2.8-5.4%), despite
the relatively lower content of multiply ionized atoms
(compare the ion current amplitudes in Figs. 1 and 2).

This can account for the different dependences of
the film deposition rates of Pd and Pt on substrates
(Fig. 3). The platinum film deposition rate can decrease
at large energy densities due to an increase in the effect
of surface sputtering by high-velocity ions. This effect
was also observed in [14] upon vacuum-arc plasma
deposition of platinum on substrates.
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