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Abstract. The laser-matter interaction using nominal laser intensity above 10> W/cm? generates in vacuum non-
-equilibrium plasmas accelerating ions at energies from tens keV up to hundreds MeV. From thin targets, using
the TNSA regime, plasma is generated in the forward direction accelerating ions above 1 MeV per charge state
and inducing high-ionization states. Generally, the ion energies follow a Boltzmann-like distribution character-
ized by a cutoff at high energy and by a Coulomb-shift towards high energy increasing the ion charge state. The
accelerated ions are emitted with the high directivity, depending on the ion charge state and ion mass, along
the normal to the target surface. The ion fluencies depend on the ablated mass by laser, indeed it is low for thin
targets. Ions accelerated from plasma can be implanted on different substrates such as Si crystals, glassy-carbon
and polymers at different fluences. The ion dose increment of implanted substrates is obtainable with repeti-
tive laser shots and with repetitive plasma emissions. Ion beam analytical methods (IBA), such as Rutherford
backscattering spectroscopy (RBS), elastic recoil detection analysis (ERDA) and proton-induced X-ray emission
(PIXE) can be employed to analyse the implanted species in the substrates. Such analyses represent ‘off-line’
methods to extrapolate and to character the plasma ion stream emission as well as to investigate the chemical and
physical modifications of the implanted surface. The multi-energy and species ion implantation from plasma, at
high fluency, changes the physical and chemical properties of the implanted substrates, in fact, many parameters,
such as morphology, hardness, optical and mechanical properties, wetting ability and nanostructure generation
may be modified through the thermal-assisted implantation by multi-energy ions from laser-generated plasma.
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Introduction

The dominant regime in most of experiments on
ion acceleration from solid targets is the target
normal sheath acceleration (TNSA). It is used in
laser-matter interaction for laser intensities rang-
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target parameters [3].

A recent study [4] showed the significant ac-
celeration effect observed at laser intensities of the
order of 10'® W/cm?. Experimental detection of ions
with energy higher than 4 MeV/charge state as well
as the generation of multi-MeV electrons and of
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cal spot size and at the intensity of interest in this
work (10'® W/cm?), it is considered that the TNSA
is the dominant regime [5]. It can occur at lower
irradiances, that is, of the order of 10''® W/cm?
and sub-nanosecond pulse duration producing
ion acceleration in the forward direction. The condi-
tions are sufficient to produce hot plasmas and pro-
tons of energy of the order of 4 MeV [4]. The beams
of emitted ions by laser-matter interaction have a
wide range of applications: thin film deposition, ion
implantation, nuclear reaction, radiotherapy, etc.
In the present work, we investigate the use of
the ion beams to implant substrates placed in the
high vacuum chamber. The main advantage is the
multi-energetic and multi-species ion implantation,
which means that substrate modifications depend on
the specific ion energy loss along their trajectories
(dE/dx), which is directly proportional to the nu-
clear charge Z of the projectile and depends on the
Bragg peak depth position in the substrate matter.

Experimental set-up

A terawatt iodine laser employed in this experiment
is available at the PALS research infrastructure
[6] in Prague, Czech Republic. It works at nominal
laser irradiance of 10> W/cm?, 1315 nm of wave-
length, 300 ps pulse duration.

Figure 1 shows the sketch of the terawatt iodine
laser system set-up. The laser beam enters the inter-
action chamber with an angle of 30° with respect to
the target normal. It was focused by an aspherical
lens (f = 627 mm for 1 ) 29 cm in diameter onto
the target surface, providing a spot of 70 pm in
diameter. The solid target used to be irradiated in
vacuum (107° mbar) were squares 6 mm X 6 mm of
pure (99.99%) Au foils 10 um in thickness.

The pulse laser energy ranged between 600 and
560 J and the focal point between 0 and -200 pm
(in front of the target surface), to enhance the ion
fluencies on the implanted substrates.

The substrates were mounted at 0°, 10°, and 15°
with respect to the target normal and at distance of
about 30 cm. The diagnostic system consisted of SiC
detectors biased at -600 V positioned in front of the
target. They were connected to a fast oscilloscope
operating at 2 GS/s to store the recorded spectra.

The incident beam reaches the solid gold target
and generates plasma in the forward direction if the
10 um thin Au is irradiated. The emitted photons,
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Fig. 1. Scheme of the experimental set-up.

electrons, ions and clusters are deposited onto the
substrates placed inside the high-vacuum chamber
due to electronic excitation and nuclear collision
mechanisms.

The ion range, concentration and depth profiles
were carried out by Rutherford backscattering spec-
trometry (RBS) by means of 2.0 MeV He* ion beam
at Tandetron Laboratory, at the Nuclear Physics
Institute ASCR, Rez, in the Czech Republic. The
scattered ions were detected in Cornell geometry
at 170° then processed by Ultra-Ortec PIPS detec-
tor and data evaluation was performed off-line by
GISA software [7]. A typical He* ion current for
each analysis was about 4.6 nA. Measurements were
compared with the theoretical predictions by using
SIMRA code [8].

The substrates wettability was evaluated from
measuring the static contact angle (SCA) by sessile
drop method. The distilled water (W) has been used
as a probe liquid. A calibrated 2 pl micropipette was
used to transfer a small amount of liquid on the
substrate surfaces. The measurements were carried
out at room temperature (20°). A digital camera cap-
tured the pictures for each droplet and the Golden
ratio software provides the SCA evaluation as the
average of five measures at five different places onto
the substrates. The contact angles were measured
after the drop deposition at time ¢ = 0 s and the
static contact angles in the equilibrium state at ¢ =
20 s after the deposition [9]. The measured error for
SCA measurements has been +2°.

Results and discussion

During the free expansion in vacuum of laser-gen-
erated plasma, the emitted ions are accelerated and
their current signal was measured by SiC detectors
[10] in time of flight (TOF) configuration. Figure 2a
shows the TOF signal for the gold target irradiated at
600 J pulse energy with a focal position of ~100 um.

The ion yield signal amplitude was 142 mV for
protons, 127 mV for carbon ions and 157 mV for
Au ions detected in the forward direction energetic
protons at 42.5 ns and the slowest peaks are due to C
at 57.9 ns and Au ions at 83.9 ns. The double proton
peak was probably due to the two sides of the Au
foil producing proton emission. The faster peak was
due to protons emitted from the rear side of the Au
foil, while the slower protons were probably due to
the proton emission from the front Au surface and
they could lose energy in plasma before they are
detected in the forward direction. On the other side,
the TOF difference between the two peaks and the
yield difference is compatible with the energy loss of
protons in the produced plasma and with the proton
scattering in plasma. The second slower proton peak
really is lower in intensity because the contribution
of faster carbon ions should be subtracted to the net
peak. However, a correct interpretation of the pres-
ence of two proton peaks and of the TOF difference
of proton detection is in progress and it is object of
actual measurements of accelerated protons coming
from interfaces in multi-layered targets.
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Fig. 2. SiC spectrum of plasma emission in the forward
direction, as measured using 10 micron Au foil (a),
and ion deconvolution using the Coulomb-Boltzmann-
-shifted distributions (b).

Due to the SiC target distance of 60 cm, such
TOF values indicate that the maximum kinetic en-
ergy is 1.04, 6.7 and 52.4 MeV for protons, carbon
and Au ions, respectively. This result indicates an
ion acceleration of about 1 MeV per charge state and
also demonstrates that C ions are full ionized and
that the Au ions have a maximum charge state of
about 52+. Due to the ionization potential of Au>?*
of 5.01 keV, the expected plasma electron tempera-
ture is of the same order of magnitude. Charge states
lower than 52+ are not exhibited in Fig. 2.

The main plasma ion signal contains a convolu-
tion of the different ion charge states constituting
the plume, from single charge states up to the six
charge state for C ions and the 52+ charge state
for Au ions. Assuming the distributions to follow
a Coulomb-Boltzmann-shifted distribution, it is
possible to separate the three ion contributions as
reported in Fig. 2b. Of course, the contribution of
C and Au ions is due to the convolution of six and
52 Boltzmann-like distributions.

Figure 3 shows a typical RBS spectrum relative
to the analysis of the Au ion implantation on a Si
substrate placed at 30° in the forward with respect
to the target normal direction and due to 12 laser
shots given to the same target of gold in the same
TNSA conditions. The spectrum shows the pres-
ence a thin surface layer containing Au atoms from
surface to a maximum depth of about 1 micron and
the presence of Ge impurities (due to a previous ex-
periment in vacuum chamber irradiating Ge targets).
The Au concentration decreases from the surface in
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Fig. 3. RBS spectrum (the black solid line) and simulated
one (the dot-dashed line) for a Si substrate with laser-
-implanted Au ions.
the substrate depth. Its maximum concentration, of
about 100%, is measured in the first surface layers
with a thickness of about 50 nm, indicating that a
thin film of gold is deposited due to neutral atoms
and very low energetic ions emitted from plasma.
RBS [11] shows that the concentration of the Au at
100 nm depth in silicon is of the order of 40 atm%;
at 200 nm, the value falls to 20% and at 500 nm,
the implantation is below 10% decreasing at about
0.05 atm% at about 1 micron depth, confirming the
implantation of Au ion occurred at high energy but
at low concentration. The maximum energy of the
Au ions is 4.5 MeV; in fact, this beam has a range of
1 micron in silicon, as calculable using SRIM code
of Ziegler. The limited energy of implanted ions is
due to the Si exposition at 30° and not at 0° at which
the maximum acceleration occurs.

Figure 4 presents the depth profile of the Au
deposited and implanted in the Si substrate. The
integral amount of the implanted Au (total area
subtended by the plot of Fig. 5) is 2.08 x 10%
atoms/cm?.

The wettability describes the deposit of a liquid
drop on a solid surface. The drop is poured onto the
solid surface and a ‘like-cap’ is formed at the solid-
-liquid interface when the cohesive forces inside the
drop and the adhesive one (due to the gravity forces,
the surface tension), which promotes the spreading
are in balance. The formed three-phase line at the
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Fig. 4. Au deposited and implanted concentration vs. Si
substrate depth.
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Fig. 5. Images of water drop upon a pure Si substrate at # = 0 s (a) and at ¢ = 20 s (b); Si with implanted Au ions at
t=0s(c)andt = 20s (d); pure glassy carbon at = 0 s (e) and t = 20 s (f); glassy carbon with implanted Au ions

att =0s (g) andt = 20 s (h).

equilibrium corresponds to the minimal energy state
and identifies the contact angle in the meeting point
between solid-liquid and solid-vapour interfaces
[12]. The Young’s equation describing this state is:

(1) Ys = Yst + 7, COSO

where y; is the surface free energy of a solid, yy is the
surface free energy of solid-liquid interface, vy, is
the surface free energy of the probe liquid.

Figure 5 presents the SCA(0) of different lig-
uids on Si-pristine and on Si with Au implanted
from laser-generated plasma. The contact angle
increases going from Si-pristine to Si-implanted and
to other substrates such as glassy carbon-pristine
and glassy carbon Au implanted. The contact angle
is also reported just as deposited the drop (left) and
after 20 s from the deposit (right). Further surface
analyses were performed in order to have informa-
tion on the modification induced by the plasma ion
implantation. Surface analysis such as scanning

electron microscopy (SEM), atomic force micros-
copy (AFM), X-ray fluorescence (XRF) and X-ray
diffraction (XRD) have demonstrated that after
the laser implantation, metallic Au-Si nanometric
structures are developed onto the substrate surfaces
that make the treated Si + Au substrates more hy-
drophilic and the wettability increases compared to
the virgin Si surface.

Conclusions

In order to make the laser-driven ion beams ap-
propriate for applications such as medical research
area [13], implantation, microelectronics and
radiography, the ion beam parameters need to be
reproducible. Many groups are turning their efforts
in this direction.

Presently, the implantation of mono-crystal Si
has been performed using pico-second high-intensity
laser in TNSA regime. The emitted multispecies
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present energies with Boltzmann distributions
ranging between some keV up to tens of MeV. The
implanted ions modify the composition and the mor-
phology of the surface affecting the bulk properties
and under the high plasma temperature may produce
new compounds and nanostructured species on the
implanted substrate.

The SCA measurements performed using dif-
ferent probe liquids, with a known surface energy,
are used to estimate the changing occurring in the
surface layers under plasma laser-generated implan-
tation. The increase in the contact angles was at-
tributed to the increase of the surface enhancements
due to the presence of metallic ions and clusters.
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