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Laser-ablation-assisted-plasma discharges (LAAPD) have been used to enhance the ionization of
laser ablated aluminum metal. Ablation is accomplished by focusing a KrF excimer laser (248 nm,
40 ns, <0.4 J) on a solid aluminum target with a fluence of 4 J/cm?®. Peak plasma discharge voltage
is 1—-4 kV and peak plasma current is 0.2—-1 kA, while peak power is 0.1-1 MW. Gated emission
spectroscopy is used to determine the charge states and the electronic temperatures within the
plasma discharge. With unmagnetized discharge parameters of 3 kV and 760 A, the observed light
emission is dominated by transitions from AI** ions indicating nearly complete ionization of the
plume. From the emission spectra intensities, an AI** electronic temperature of 3.3 eV is
determined. Emission spectra from unmagnetized LAAPD of 1.2 kV and 280 A show no visible
AI*" jon transitions indicating cooler plasma and a lower ionization state. Introducing a 620 G
transverse magnetic field (at 1.2 kV, 280 A) enhances the ionization due to the increased electron
confinement and leads to the observance of the AI*" lines as seen with discharges of 3 kV and

760 A.

Laser ablation has found important applications over the
past decade in deposition of thin films of metals and
ceramics.! Excimer lasers have been utilized extensively for
deposition of metal-oxide, high-temperature superconduct-
ors, and metal-nitride electronics materials.' ™ Several inves-
tigators have observed that the ions in laser ablation plumes
play a significant role in the deposition process.” Recent
neutral-metal-atom density measurements suggest that the
fractional ionization is relatively low in laser ablation plumes
from metals after the end of the laser pulse (due to recom-
bination).‘S'8 However, laser ablation research on ceramics
has shown singly and doubly ionized species are ejected.*°
Thus, a technique for adjusting the fractional ionization after
the laser pulse in laser ablated plumes from metals could be
useful in film deposition studies. Another advantage of ions
{over neutral atoms) is their ability to be controlled direction-
ally by electric fields (e.g., for deposition in microelectronic
trenches). Recently, Dyer’s group has used magnetic fields to
enhance the ionization in MgO laser ablation.'® A number of
researchers have used unmagnetized plasma discharges to
stimulate the production of and deposition of carbon/
amorphic diamond films.*'? Previous research in these au-
thors’ lab has employed laser-guided discharges (30 kV,
10-20 kA) in atmospheric-pressure gases for localized melt-
ing of metals.!®

In this article, we describe experiments in which laser-
ablation-assisted-plasma discharges (LAAPD) have been uti-
lized with high voltage (1-4 kV) and high current (0.2-1
kA) in vacuum to enhance the ionization in laser-ablation
plumes. The large electrical power (~MW) supplied by a
pulsed capacitor bank is sufficient to generate a nearly fully
ionized plume of metal ions from a laser ablated aluminum
target. Spectroscopic measurements indicate metal ions are
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produced with charge states of AI*" with electronic tempera-~
tures of 3.3 eV. LAAPD (of current density J) in a transverse
magnetic field (B) also provide a potential means to acceler-
ate a plasma plume in a preferred direction by the JXB
force. This magnetized LAAPD technique might provide a
means to separate ions from particulate or to vaporize par-
ticulate which is observed with conventional laser ablation.**
Figure 1(a) shows a simplified experimental configura-
tion. The aluminum ablation plume is produced by focusing
a KrF excimer laser (248 nm, 40 ns, =0.4 J) onto a 99.999%
pure solid aluminum target. The local spot size is 0.06 cm?
giving a typical fluence of 4 J/cm?. The laser pulse energy is
monitored by splitting off a fraction of the incident beam
onto a calorimeter with a quartz flat. Figure 1(b) shows a
magnified view of the target-electrode configuration. The tar-
get was made with a smooth, hemispherical shape to mini-
mize electric field enhancement at the edges. The target func-
tions as the grounded electrode while a copper (99.9% pure)
annulus 0.5 cm from the target forms the high-voltage elec- .
trode. The discharge power is provided by a three-element
L-C pulse-forming network (PFN) charged to 2.5-7.5 kV
and switched by a triggered spark gap switch. A 10 Q) resis-
tor placed in parallel with the target-electrode gap allows the
discharge voltage to be monitored. PFN output curreat and
plasma current are measured with (0.1 V/A) Pearson current
transformers. The transverse dc magnetic field (<620 G) is
generated by an electromagnet with pole pieces and is uni-
form to better than 2% in the plume expansion region. Time-
resolved-gated-emission spectra were taken by focusing the
plasma light from 1 mm in front of the ablation spot onto the
slit of a Jarrell-Ash spectrograph coupled to a Tracor—
Northern intensified optical multichannel analyzer. The
spectrograph/detector spectral response combined with the
use of glass optics only allowed spectra to be taken over the
range of 380—-600 nm. Evacuation of the glass four-way
vacuum chamber was accomplished with a mechanically
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FIG. 1. (a) Simplified experimental configuration. Magnet pole pieces and
return yoke not shown. (b) Close-up view of optics and target-electrode
configuration.

backed turbomolecular pump, while the pressure was peri-
odically monitored with an ionization gauge. Ultimate pres-
sures attained for this experiment were 1.3X10™# Torr lim-
ited by the necessary use of a long, small-diameter pumping
pipe.

Figure 2(a) shows a typical spectrum of a unmagnetized
laser-ablation aluminum plasma without the discharge. The
light was collected for 5.2 us starting from the KrF laser
pulse. Although the plasma light is only produced during the
first 400 ns after the ablation pulse,”® the long gate-pulse
length was chosen to be consistent with that used during the
discharge shots since the evolution of the current and voltage
was on a much longer time scale. It is seen. that the only
spectral lines present are the 394.40 and 396.15 nm Al neu-
tral transitions. Additional spectra taken to cover the 380—
600 nm range show no additional lines, confirming that the
fractional ionization in the plume is very low, as observed by
other researchers.®~%16

Figure 2(b) shows a typical LAAPD spectra for 760 A
peak plasma current and 3 kV peak discharge voltage with-
out magnetic field. The maximum instantaneous power is 1.1
MW which results in 4.4 J deposited in the plume and elec-
trodes during the 5.2 us gate pulse. The PFN output current,
the plasma current, the laser pulse as observed on a PIN
photodiode, and the OMA gate pulse are shown in Fig. 3.
The discharge spark-gap switch is triggered 100 ns after the
KrF laser pulse. It should be noted that the discharge would
not initiate without the laser ablation plume. The spectrum in
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FIG. 2. Typical emission spectra: (a) laser ablation only; (b) laser ablation
with 3 kV, 760 A discharge and no magnetic field; (c) laser ablation with 1.2
kV, 280 A discharge and 620 G field.

Fig. 2(b) shows that, with the discharge, AI** charge states
are created as evidenced by the AI*™ spectral lines at 415.02,
447.99, 451.26, and 452.92 nm. Additionally, there is a small
peak at 390.07 nm from singly ionized aluminum (A1¥) at-
oms. Spectra taken in different wavelength ranges show
strong AI*™ lines at 569.66 and 572.27 nm as well as a small

FIG. 3. Typical LAAPD waveform data: (a) PFN output current (400
A/div); (b) plasma current (400 A/div); (c) spectrometer gate pulse (4
V/div); (d) PIN diode signal of KrF laser pulse (2 V/div). Time scale is 1
ps/div.
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TABLE I. Accepted A1** wavelengths, corrected measured line intensities,
statistical weights, transition upper energy levels and Einstein coefficients
(sce Ref. 18).

A (nm) Iy (au) 8k E; (V) A (108 5_1)
415.02 284 14 23.53 2.19
451.26 261 4 20.55 2.15
452,92 544 6 20.55 2.54
569.66 151 4 17.81 0.88
57227 72 2 17.80 0.87

466.68 nm Al* intensity. Comparing Figs. 2(a) and 2(b) it is
observed that the intensity of the Al neutral spectral lines are
approximately the same. Statistical data from many shots
confirms this, implying that no additional neutral atom exci-
tation is caused by the discharge. Neuiral atom emission oc-
curs during the first 400 ns after laser ablation; during this
time, the discharge voltage and current have not reached ap-
preciable levels, so the neutral emission and the ion emission
events can be separated in time. At the time of the experi-
ment, delay between the gate pulse and laser/discharge was
not possible; characterization of the emission as a function of
time will be reported in a following article. The additional
peaks in the spectrum of Fig. 2(b) are from impurities in the
vacuum chamber, possible flashover of a polyethylene insu-
lator, and copper atoms from the annular electrode.

After correcting the measured spectral-line intensities for
the spectral response of the optical system, the relative inten-
sities of the various AI** lines can be compared to produce
an atomic-Boltzmann plot which gives an estimate of the
AI** electronic temperature. To determine an estimate for a
species electronic temperature the following relation is
used:!

(Iki)\kl) Er
gilul ksT’

and plotting the natural logarithm versus the right-hand side
should give a straight line with the negative inverse of the
slope being the electronic temperature for the particular spe-
cies. Although this is only valid for equilibrium, it can pro-
vide a reasonable estimate for the AI** species in the dis-
charge. Temperatures for other species were not possible to
determine due to the lack of sufficient spectral lines with
separated upper energy levels. Table I shows the AI>* cor
rected measured line intensities, statistical weights, transition
upper energy levels, and spontaneous emission Einstein
coefficients.'® The intensities shown are the average of 15
shots taken under identical conditions to correct for the shot-
to-shot variation in spatial laser fluence leading to varying
discharge quality. For the discharge (at 3 kV, 760 A) without
the magnetic field, the atomic-Boltzmann plot gives an AI**
electronic temperature of 3.3 eV. Due to insufficient statisti-
cal data for the 569.66 and 572.27 nm lines with the mag-
netic field present, an estimate for the temperature was not
possible.

Additional spectra taken for 1.2 XV and 280 A unmag-
netized discharges for the wavelength range in Fig. 2 show
little evidence of the Al** emission as seen in Fig. 2(b) al-
though the Al* emission at 390.07 nm is greater than ob-
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served with the 3 kV, 760 A unmagnetized discharge. The
lack of visible AP* emission implies the fraction of AI**
ions is small because the plasma temperature is much lower.
Figure 2(c) shows a plasma spectrum with the application of
a 620 G transverse magnetic field (at 1.2 kV, 280 A); the
visible wavelength Al** emission resembles Fig. 2(b) (at 3
kV, 760 A) and the Al* emission at 390.07 nm intensity is
reduced over that seen without the magnetic field at the
lower voltage. This suggests that the magnetic field enhances
the excitation and ionization of the plume through improved

e

electron confinement. Enhancement of laser ablation plume
(without discharge) excitation and ionization due to the pres-
ence of a transverse magnetic ficld has also been observed
with ablation of MgO by Dyer et al.'® Experiments studying

i 1 iQQi tha dignh oaluaa
the characterization of the emission as the discharge evolves

and the dependence on discharge parameters are currently
underway and will be reported in a future article.
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