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Chapter 9

Nanoparticle generation by double pulse
laser ablation
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The purpose of this chapter is to give a critical review of the processes involved
in the generation of nanoparticles by material ablation with two time-delayed
laser pulses. Experimental investigations of the ablation characteristics during
nanoparticle synthesis with short double pulses are presented. In particular, the
composition and the expansion dynamics of the ablated material are examined.
The latest progress achieved in modeling laser-matter interactions in double
pulse regime is discussed. The correlation between ablation efficiency and
nanoparticle generation is assessed and compared with numerical simulations,
the influence of interpulse delay on metals ablation being revealed.
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9.1 INTRODUCTION

During de last decade, nanoparticles (NPs) have demonstrated huge potential for|
research and application in the fields of nanoscience and nanotechnology.
Among them, noble metal-NPs have proven to be in the forefront of
developments for sustained advances in fuel cells, analytical sensors,
nanobiotechnology and nanomedicine due to their size-dependent electrical,
optical, magnetic, and chemical properties [1-7]. Potential applications of noble
metal-NPs in biomedicine are related, but not limited to: targeted delivery of
drugs and other substances [8,9], chemical sensing and imaging applications
[10,11], detection and control of micro-organisms [12], cancer cell photo-
thermolysis [13,14]. This is first due to facile surface functionalization with
specific biomolecules and second, to distinct optical properties related e.g. to
localized surface plasmon resonance [3,4]. Wet chemical synthesis and
functionalization of NPs are routinely used for obtaining a broad spectrum of]
nano-objects [4,5], from the “classical” colloidal gold nano-spheres, silver nano-
rods, or silica/gold nano-shells, up to “exotic architectures” such as nano-cubes
[15], nano-rice [16], nano-stars [17], or nano-cages [18]. Detailed information
about the toxicological hazard of NPs was reviewed by Murphy et al. [5] and De
Jong et al. [3].

Laser ablation (LA) is a unique tool for the fabrication of NPs, exhibiting
several advantages over the classical wet chemical synthesis methods. On one
hand, the main advantage of the LA technique is the possibility to preserve
material stoichiometry during the ablation process [19]. On the other hand, LA is
a faster and cleaner procedure since toxicity is difficult to avoid in traditional
chemical routes of synthesis [20]. Indeed, NPs are directly generated during laser
irradiation of bulk targets in vacuum, gas or liquid environments. Worth
mentioning the high versatility of the method that allows the independent
variation of the irradiation parameters like: laser wavelength, energy density,
pulse duration, and repetition rate. As a consequence, a certain degree of
freedom for tailoring NPs size and composition is possible while the fabrication|
of complicated nano-objects is a difficult task, most of NPs being spherical.
Recent advances in laser synthesis of NPs with both nanosecond and
femtosecond pulses are reviewed in the book chapters published by Besner and
Meunier [21], Voloshko and Itina [19], and Caricato et al. [20]. Moreover, the
processes involved in short pulse LA in vacuum and in a low pressure
background gas, the generation of NPs and the deposition of NP-assembled films
are discussed in Chapter 4 of this book.

Compared to nanosecond ablation, sub-picosecond laser-matter interaction is
significantly different as illustrated in several experimental and theoretical
studies [22-29]. It was shown that LA of metals with short laser pulses is an
efficient tool to generate NPs having sizes in the range of a few nanometers
[30,31]. Contrarily, in the nanosecond regime, the particles ejected directly from
the target surface have significant larger sizes in the micrometer range [32], while
smaller ones are formed by condensation during plume expansion. The
difference in particle size is attributed to characteristic thermal regimes and
thickness of the laser-heated layer [33,34] for the two irradiation cases.




Despite the large number of experimental studies reported in literature, the
physicochemical mechanisms involved in NPs formation during LA are not yet
fully understood. Two main approaches are currently applied for theoretical
modeling of LA and NPs formation. Both are based on the two-temperature
model considering that electrons and lattice have different temperatures under
material excitation by short laser pulses [35]. The combination with a
hydrodynamic model was employed in several numerical studies whereas the
microscopic description using molecular dynamics was alternatively used in
other numerical investigations. A large description of the theoretical models
currently used in simulations, with their advantages and limitations was
reviewed (see e.g. [19,20,36,37] and references therein). An improvement of the
theoretical approaches requires therefore reliable experimental data for
comparison.

A deeper understanding of short pulse LA and NPs generation from metal
targets can be achieved from experiments using two time-delayed laser pulses.
The so-called “double pulse” (DP) technique became popular, in particular in
material analysis by laser-induced breakdown spectroscopy (LIBS), where an
enhanced analytical signal and a better signal-to-noise ratio are beneficial [38,39].
Other experimental studies of DP-LA are related to investigations of plume
dynamics [40], optimization of the nanoparticle size distribution in vacuum [41,
42] and liquids [43-47], probing electron-phonon coupling in metals [48] and
modification of optical properties through ripples formation [49-52].

Modeling DP-LA with sub-picosecond laser pulses is a difficult task compared
to the description of the single-pulse regime. Several competing physical
processes should be considered in the case of LA with time-delayed pulses.
These are: different laser absorption by the skin layer and in the subcritical
plasma, electron thermodynamics, thermal conductivity, electron-phonon
coupling, and the interaction of the pressure waves generated by time-delayed
pulses [37]. Recent advances in the field of modeling short pulse laser-matter
interactions can be found in the studies reported by Povarnitsyn et al. [37,53] and
Roth et al. [54] and the references therein. Using a hybrid model that combines
classical molecular dynamics and an energy equation for free electrons [37], the
authors evidenced an elevation of the electron temperature in the plume up to
three times when increasing the interpulse delay from 0 to 200 ps. The effect was
accompanied by a monotonic decrease of the ablation crater depth, in agreement
with experimental studies on aluminum and copper [37,53].

In this chapter, we give a critical review of short pulse LA of metals and NPs
generation with two time-delayed femtosecond laser pulses. The next section is
devoted to the description of typical experiments employed in DP laser-matter
interactions. Both collinear and orthogonal irradiation geometries used for
materials processing and analyses are explained, and representative results are
presented for both cases. In the following, experimental results on DP-LA of
metals (gold and copper) and NPs generation are presented and discussed with
respect to the influence of the interpulse delay on plasma composition and crater
depth. Examples from literature, covering other materials and experimental
parameters are reviewed as well. The latest developments achieved in modeling
laser-matter interactions in DP regime are presented in the last section.




Conclusions and perspectives of this fast-expanding research field are given at
the end of the chapter.

9.2 TYPICAL EXPERIMENTAL DESIGN FOR LASER-MATTER
INTERACTIONS WITH DOUBLE PULSES

The latest technological developments offer a high degree of freedom in
controlling the laser pulse characteristics, including the temporal shape, the
spatial distribution, the spectral profile, and the polarization state [55]. There are
several approaches for DP excitation and ablation experiments. Usually, in most
of the studies and in particular in the nanosecond regime, materials irradiation is
performed using two laser sources synchronized by a delay generator, to trigger
the pulse-to-target energy delivery and to control the interpulse delay [56]. A
second approach refers to a Michelson interferometric setup, mostly in the
femtosecond regime, in which the laser pulses emitted by a sole source are
splitted into two beams. A delay line is interposed on one arm of the
interferometer, the double pulses being generated after beam reconstruction
[41,48,57]. Other recent concepts rely on programmable pulse shaping
techniques, emphasizing ultrafast pulse tailoring in the spatio-temporal domain.
They were described in details by Stoian et al. [55].

Double pulse laser-matter interaction is generally performed in two distinct
configurations, with respect to the propagation direction of the pulses and their|
temporal sequence: the collinear and orthogonal geometries, as schematically|
depicted in Figures 1 and 2. A high experimental versatility is available for|
materials processing and analysis, several combinations being proposed in
literature. Depending on the application, optimum energy delivery and
subsequent material response can be achieved by the proper choice of the
irradiation parameters. Accordingly, different beam geometries, pulse widths,
wavelengths, interpulse delays, and pulse energies [38,58] are actively explored
by the scientific community. Generally, the double pulse irradiation geometries
are mostly used in material analyses by DP-LIBS, but also for the synthesis of
thin films via pulsed laser deposition, and for nanoparticles generation in
vacuum, gas or liquid environments.

9.2.1 Collinear double pulse interaction geometry

The collinear configuration, in which the two laser beams have the same
propagation pathway, is the simplest but less versatile approach [58]. It is
however the most used configuration, since it enables an easy alignment of the
laser beams. For instance, it is mainly used in material analysis by DP-LIBS,
combining different laser wavelengths (532/1064, 532/532, or 532/355 nm) as
schematically depicted in Figures 1l.a) and b). Consequently, improved
sensitivity and lower detection limits were achieved for lead detection in metal
alloys when LIBS was performed with an additional laser pulse [59]. The authors
attributed the enhanced sensitivity to the higher plasma temperature.




Experiments of collinear double pulse laser ablation in liquid were carried out
for studying the formation mechanisms of silver nanoparticles in water, and
revealed the fundamental role of the cavitation bubble dynamics in the synthesis
of aqueous colloidal dispersions [45].
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Figure 1. Scheme of double pulse ablation experiments in collinear geometry using one a)
or two laser wavelengths b).

9.2.2 Orthogonal double pulse interaction geometry

In the orthogonal approach, one laser pulse ablates the sample (usually directed
perpendicular to the surface) and the second pulse (propagating parallel to the
sample surface) is applied either before, to form a pre-ablation spark, or after, in
order to reheat the plasma generated by the first pulse [Figure 2.a)-c)]. Another|
possible arrangement is to irradiate the target at a specific angle (typically 45°) as
schematically depicted in Figure 2.d). Although more complicated in terms of]
beam alignment, this experimental design is more versatile, and a broad range of|
pump-probe experiments are possible. Gautier et al. [60] demonstrated the
intensity enhancement of emission lines ranging from a factor of 2 up to 100
during DP-LIBS analyses of aluminum alloys. The authors investigated the
influence of interpulse delay and laser energy, and the physical mechanisms
responsible for signal optimization. A comprehensive review on materials
analyses by DP-LIBS, covering experimental studies, the fundamental
mechanisms responsible for signal enhancement and applications, was published
by Babushok and co-workers [38].
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Figure 2. Orthogonal double pulse interaction geometries using a unique laser a),

combining different wavelengths, energies and pulse durations b, c) for pre-pulse/re-|
heating mode, or at specific angles d).




9.2.3 Experiment for NPs generation with delayed short laser pulses

Although NPs formation in vacuum, gas or liquid environments is an intrinsic
characteristic of short pulse laser ablation, studies demonstrated that the DP|
technique enables a better control of the NPs synthesis. A proper choice of the
interpulse delay leads to the reduction of NPs and to an increased atomization of
the ablation plumes [41]. Both effects are suitable for materials analyses by LIBS.
Other possible applications are related to the deposition of ultra-smooth thin
films by pulsed laser deposition [61] or for high-precision micromachining [62].

A schematic representation of the experimental setup used in the studies
reviewed in this chapter is given in Figure 3. The ablation experiments were
performed with a Ti:Sapphire laser source (A =800 nm, r=100 fs, f,, =1 kHz). A
square aperture of 2 X 2 mm? was used to select the central part of the Gaussian
beam that was imaged with an achromatic lens of 50 mm focal length onto the
target surface. The two delayed laser pulses were obtained by turning the beam
polarization, passing through a half-wave plate, and splitting the beam with the
aid of a polarized large band prism.
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Figure 3. Schematic representation of the experimental setup.

Each beam crosses a quarter-wave plate before and after reflection on a mirror
at 90° incidence. After recombination by the prism, two laser pulses of equal
energy and orthogonal polarization were obtained. The interpulse delay was
varied from 0 to 300 ps by adjusting the length of one beam path. According to
the total laser pulse energy of 2 x 25 uJ incident onto the sample surface and a
spot diameter of 35 ym, a maximum laser fluence of 2 X 2 ] cm2 was available. A
mechanical shutter was used to control the number of applied double pulses.

The metal targets were placed in a vacuum chamber of 104 Pa residual
pressure. Inside the chamber (Figure 4), the target holder and the focusing lens
were mounted on motorized translation axes. A glass plate placed between
target and lens prevented the latter to be coated by the ablated material. The
glass plate was replaced regularly to minimize the laser beam extinction by the
deposit. Fast plume imaging was performed with the aid of a focusing objective




and an intensified charge-coupled device, orthogonal to the symmetry axis of
plasma expansion (see Figure 3). The delay between laser pulse and observation
gate was set to 400 ns with the aid of a delayed pulse generator. During the
experiments, 20 laser shots were applied at maximum to each irradiation site to
avoid deep crater drilling and to keep the ablation process and plume dynamics
reproducible.

Micrometricx-y-z
translation stages

Figure 4. Up-side view of the reaction chamber used in the collinear ablation geometry.

For measurements that require data acquisition over more than 20 ablation
events, several sites were irradiated by translating the target by 50 um
perpendicularly to the laser beam propagation. The laser-produced craters were
investigated by optical microscopy after the ablation experiments. The ablated
material was collected on mica substrates, placed parallel to the target at a
separation distance of 20 mm from the target surface. Atomic force microscopy|
operated in tapping mode was used to analyze the obtained NPs. Several areas of
2 x 2 ym? were scanned to characterize each sample in order to count a number,
of particles sufficiently large for statistical analysis of the particle size
distribution.

9.3 INVESTIVATION OF NANOPARTICLES PRODUCED BY SHORT DOUBLE
PULSE LASER ABLATION OF METALS

Several experimental and theoretical studies devoted to short pulse laser ablation|
evidenced that nanometer-sized particles represent a large fraction of the ablated
material [25,63-67]. This characteristic feature of short pulse LA is attributed to
the fast heating and energy relaxation. Two principal mechanisms of NPs
generation during the quasi-adiabatic plume expansion were proposed [68,69].
The first one called “phase explosion” or “thermal decomposition” [70,71] consists in
the transformation of matter into a liquid-gas mixture that favors the NPs
generation. The second - “mechanical decomposition” of the metastable melt due to
shock- and rarefaction waves is considered another source of efficient NPs
generation [72]. The influence of pressure relaxation on LA physical processes
was addressed by Chimier ef al. [69] and Norman et al. [73]. Contrary to the




nanosecond regime, NPs formation by condensation is supposed to play a minor
role in case of short pulse LA under vacuum [22].

In the present section, we evaluate the influence of the interpulse delay on the
composition of the laser-produced plasma and on the quantity of ablated copper
and gold targets. To this purpose, a brief summary of the mechanisms involved
in single pulse metals ablation and NPs generation during intense short pulse
laser irradiation is first presented in the next section.

9.3.1 Correlation between ablation efficiency and nanoparticle generation in
single pulse regime

Experimental investigations, correlating the properties of the plume with
measurements of the laser-produced crater volumes, allowed us to evidence two
distinct ablation regimes for copper and gold that were also observed for other
metals [74-76]. The two regimes are related to the applied laser fluence (Fis) and
strongly coupled with the plume composition [25].

In the “low-fluence” regime, a small increase in ablation depth with Fi; is
observed, and a large fraction of the ablated material is atomized. The “high-
fluence” regime is characterized by the efficient NPs generation. As the ejection of
clusters occurs when the absorbed energy density is smaller than the one
required for complete metals atomization, the ablation efficiency increases with
the amount of NPs within the plume [25].

Comparing the single pulse LA of copper and gold, three main conclusions
could be highlighted (see Figure 5): (i) the transition fluence characteristic to each
ablation regimes is higher in case of copper, (ii) both the ablation rate and
efficiency are smaller for copper, and (iii) the relative fraction of NPs within the
plume is smaller for copper.
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Figure 5.Ablation efficiency and atomization degree of copper (a) and gold (b) as
functions of Fis [25].




These differences are attributed to the different heat regimes of the two metals.
Compared to gold, copper has a much larger electron-lattice coupling and the
energy transported towards the bulk via fast electron heat diffusion is lower and
characterized by a smaller depth. Consequently, a steeper temperature depth
profile and a thinner heat-affected zone are expected for copper. According to
the larger energy density deposited in a thinner layer, the observed plume
atomization is higher. Contrarily, the thicker melted zone in case of gold favors
the NPs generation. Since the thickness of the melted surface layer increases with
Fis faster for gold, the onset of efficient NPs generation occurs at a lower fluence
for the precious metal.

9.3.2 Influence of interpulse delay on plume composition

It was shown in the previous studies that the NPs fraction generated during
metal ablation only weakly depends on the laser fluence [64], but is strongly
influenced by the strength of electron-lattice coupling [25]. This behavior was
attributed to the competition between the fast electron heat transport and the
energy transfer to the lattice that governs the metals heat regime for irradiation
with laser pulses shorter than the characteristic time of electron-lattice
thermalization 7.

The results presented here were obtained with collinear double pulses
following the experimental procedure described in Section 9.2.3. Two plume
images, recorded during single pulse LA of copper with Fis== 4 ] cm2 a) and with
two time-delayed laser pulses of 2 ] cm-2 delayed by 33 ps b), are shown in Figure
6. The delay between observation gate and laser pulses was 400 ns. In both
images, two distinct plume components are observed. A “slow” component of
high emission intensity is located close to the target surface whereas a “fast”
component, of lower intensity, is observed at larger distance. The splitting into
two main velocity populations in the plasma expansion was observed for short
pulse LA of several metals [22,24,64]. Combined analysis by time-resolved
imaging and optical emission spectroscopy revealed that the fast component
contains neutral atoms mainly, whereas NPs dominate the slow one [25,64,77]. In
the images below, the ten-level color palette is adjusted to the emission intensity
of NPs.
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Figure 6. Plume images recorded during single pulse LA of copper a) and with two pulses|
delayed by 33 ps b). The intensity profiles c) and d) were obtained from the images a) and|
b), respectively.




With respect to the single pulse experiment, Figure 6.a), a large increase of the
emission intensity of the atomized plume component is observed when two
delayed pulses were applied b). In the same time, the NPs plume intensity|
decreases as revealed by the intensity profiles presented in Figures 6.c) and d).
The profiles were obtained from the plume images a) and b), by averaging the
signal intensity over several pixel rows along the plasma symmetry axis [see the
yellow dashed lines in Figures 6.a) and b)]. Moreover, it is shown that the
maximum intensity position of the atomized plume component is shifted
towards the target surface for the DP case. This behavior may be due to the
interaction of the second pulse with the expanding plasma.
The emission intensities of atoms and NPs deduced from the plume images are
presented in Figure 7 as functions of interpulse delay for copper a) and gold b).
Strong changes of the plume composition occur for both metals with increasing
interpulse delay. Indeed, the emission intensity of atoms increases by a factor of
four whereas the NPs intensity decreases by the same amount. Moreover, the
intensity changes occur at a shorter delay for DP-LA of copper a), with respect to
ablation of gold b). The black lines in Figure 7 present the intensity increase and
decrease according to formula (1) below, suggesting thus different characteristic
times for the observed plume composition changes.
The evolution of the emission intensity changes of both components versus
interpulse delay At was described using the following biexponential function
[41,78]:

1) =T, + (1 — e /1) + (1 — e™4t/72), 1)

Here, Ip is the intensity for an interpulse delay at At = 0, I and I are the
amplitudes of intensity changes that occur on different time scales, characterized
by 71 and 1, respectively. The continuous and dashed lines represent the
emission intensities of atoms and NPs, respectively, calculated with formula (1)
using the parameters listed in Table 1.
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Figure 7. Emission intensities of atoms (red squares) and NPs (blue squares) deduced
from plume images (see Figure 6) vs interpulse delay for two laser pulses of 2 ] cm2 [78].




Table 1. Intensity values Iy, I and I> and characteristic times 71 and 72 used to describe the
emission intensity evolution of atoms and NPs as functions of interpulse delay using the
biexponential function (1).

Metal Plume component Ip(a.u.) IL(aw) Dk(aw) =z (ps) =(ps)

Cu atoms 95 105 240 10 140
Cu NPs 117 -78 -12 13 200
Au atoms 45 0 240 - 200
Au NPs 1740 -1170 0 30 -

The approximation by a biexponential function revealed two characteristic
times for the observed plume compositional changes. The shorter time 7 was
deduced to be about 10 ps for copper and 30 ps for gold. In good agreement with|
other studies [79,80], these values are close to the characteristic times of electron-
lattice relaxation zi~1-10 ps and 30-100 ps for copper and gold, respectively.
The second parameter »» was found about one order of magnitude larger than 7.
It was suggested that it characterizes a slower process, strongly influencing the
atomic emission intensity increase as revealed by the relative large amplitude
deduced (see I> value in Table 1). The slow process has a negligible influence on|
the NPs plume component as illustrated by intensity ratio I / Iy << 1.

The physical mechanisms involved in the modification of plume composition
with increasing interpulse delay were explained by Noél and Hermann [41].
First, according to the two-temperature model [35], during short-pulse LA the
material properties depend on both electron and lattice temperatures, T, and T
respectively. Thus, the electron heat conductivity k. diminishes with the Tj, as
predicted by the simplified expression k.= T./T; proposed by Kanavin et al. [81]
for small T.. Consequently, for delays 4t » z the energy deposited by the second
laser pulse is confined in a small volume since T; is large and thus k. is small at
this stage and the energy transport towards the bulk reduced. The increased
energy density promotes the growth of the atomization degree within the
ablation plume. Second, for larger interpulse delays, the atomized plume
component is heated up by inverse bremsstrahlung, leading thus to an enhanced
atomic emission intensity, as also reported by several authors [57,82]. Indeed,
complementary analyses by optical emission spectroscopy [78] evidenced the
increase of plume temperature and ionization degree. The observation of plume
temperature increase was also confirmed by modeling [37]. Moreover, an
amplification of both mechanisms could be foreseen by the interaction of the
second laser pulse with hot clusters and bubbles that start growing at times of]
the order of 7z [41].

The decrease of the NPs fraction with increasing interpulse delay was further
confirmed by atomic force microscopy (AFM) analyses of the ablated material
collected on mica substrates [41]. To demonstrate the strong decrease of NPs
number with At, we present in Figure 8 AFM images of mica substrates after
deposition with 500 laser double pulses and different interpulse delays. With
respect to ablation with At = 0 a), the number of NPs is strongly reduced when|
increasing the interpulse delay to 6 ps b). A further decrease was evidenced for
longer At-values as illustrated in Figure 8c), where only a few, smaller NPs are
observed.
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Figure 8. AFM images of copper NPs collected on mica substrates during ablation with
two laser pulses of 2 ] cm2, delayed by 0, 6 and 90 ps, respectively for a), b) and c) [78].

9.3.3 Influence of interpulse delay on ablation depth and crater morphology

The ablation depth was measured in the following way: for each interpulse
delay, series of 10 craters were drilled with an increasing number of applied
double pulses, as shown in Figure 9. The depth of each crater was measured
using optical microscopy by focusing on the samples surface and the crater
bottom [83]. According to the linear increase of crater depth z with the number of
double pulses nys, the ablation depth was deduced from the slope Az/Anjgs.
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Figure 9. Crater depth vs number of applied double pulses for ablation of copper with|
various interpulse delays. The ablation depth (per double pulse) was deduced from the
slope [78].

The ablation depth as a function of interpulse delay is presented in Figure 10
for DP-LA of copper and gold. For an interpulse delay At = 0, the ablation depth
equals the value obtained with a single pulse of Fi;s = 4 ] cm?, whereas the depth
measured for large delays is slightly smaller than the value observed for a single
pulse of 2 ] cm2 fluence. The number of NPs deduced from the AFM analysis is
presented in Figure 10 as a function of interpulse delay and compared to the
biexponential function [equation (1)] that was previously used to characterize the
INPs emission intensity during copper ablation (see Figure 7). Similar to the
characterization of the plume emission intensities, we approximate the ablation
depth by a biexponential function, replacing the intensity values in equation (1)
by the appropriate depths (continuous and dashed lines for copper and gold,
respectively). It is noted, that the times z; and =z equal the characteristic times of
the plume intensity evolution. The main contribution of the observed ablation
depth decrease is attributed to the change of the samples heat regime as we have




z1 >> z5, similar to the evolution of NPs emission intensity. This confirms that
INPs present the major part of the ablated mass.

This behavior is in agreement with the ablation depth measurements
performed by Semerok and Dutouquet [57] after laser ablation of aluminum and
copper with short laser pulses of durations ranging from 50 fs to 2 ps. The
authors reported that the craters obtained in the DP regime were almost two
times deeper for At <1 ps. For interpulse delays in the 1-10 ps range, the crater
depth decreased with increasing interpulse delay. Finally, for At > 10 ps, the
crater depth obtained with double pulses equaled the depth drilled with a single
pulse [57]. Moreover, the authors observed that, compared to single pulse
ablation, the use of double pulses of equal total energy leads to a 10 times higher
plasma emission intensity, if interpulse delays in the range from 100 to 235 ps
were applied.
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Figure 10. Number of Cu NPs (red color) deposited on mica substrates with double pulses
of 2x2 ] cm™. The decrease vs interpulse delay is similar to that of the NPs emission|
intensity presented by the dotted line (taken from Figure 7). The ablation depths of Cul
(squares) and Au (circles) are also shown. The continuous and dashed lines were obtained
using equation (1) for nn = 12 and 30 ps, respectively, replacing the characteristic
intensities by the appropriate depths [78].

The hybrid molecular dynamics - two-temperature model developed by
Povarnitsyn et al. [37] confirms the measured crater depth evolution as a function
of interpulse delay. It is concluded that the crater depth reduction is related to
the formation of a high-pressure zone inside the plume. This suppresses the
fragmentation in the rarefaction wave caused by the first pulse for At <20 ps, and
merges the inner ablated layers of atoms with the target surface for delays = 50
ps [37].

Although less investigated, the morphology of the craters drilled by DP in a
material is also influenced by the interpulse delay. In the single pulse regime, the
best surface microprocessing results are usually obtained by applying low laser
fluencies, close to the ablation threshold. Le Harzic et al. [84] investigated DP
laser-processing of metals (steel, Al and Cu) in order to get insights in materials
microstructuring when a high speed - high fluence regime is required. The
authors evidenced a significant quality improvement in metal microstructuring]
(less removed or recast matter) via DP-LA. For interpulse delays typically
smaller than 1ps, the structures formed in the crater bottoms are less




pronounced when double pulses were applied. They exhibit fewer spikes or pit
craters, while the surface seems to be smoother.

Short double pulses of 180 fs duration and equal intensity, separated by an
interpulse delay from a few hundred fs to 22 ps, were used by Spyridaki et al.
[85] to irradiate silicon targets in vacuum. The authors found that for At > 3 ps,
the second pulse couples efficiently to the liquid layer formed at the surface,
leading to the total vaporization of the melt. As a result, a featureless structure
without a residual cast is generated onto the silicon surface, in contrast to the
single pulse regime that produces significant thermal and hydrodynamic effects
in the residual melt [85].

An improvement of the crater morphology was reported by Stoian et al. [86]
in case of short pulse LA of dielectrics using temporally shaped pulse trains with
sub-picosecond separation. Cleaner structures with lower stress were thus
obtained by the sequential energy delivery to the targets.

9.3.4 Overview of other investigations in the field of double pulse laser-
matter interactions

Experimental results obtained by DP-LA were reported in several studies,
generally revealing similar observations. Semerok and Dutouquet [57]
investigated the characteristics of LA and plasma re-heating with ultrashort DP
of 50 fs and 10 ps durations, time-delayed from 50 fs up to 250 ps. The authors
studied the influence of the interpulse delay on the ablation features (efficiency,
crater diameter, depth, volume and shape) and on the laser plasma properties
(shape and dimensions, expansion velocity, intensity and lifetime, pulse-to-pulse
reproducibility) on aluminum and copper targets. They observed an increase of
plume brightness and a decrease of crater depth for delays ranging from of 1 to
10 ps. Both effects were attributed to partial plasma shielding, while 100-200 ps
delay was determined as optimum for plasma re-heating by the second pulse.
During DP-LA on the same metals, Le Harzic et al. [84] observed a reduced
ablation depth and a smoother crater bottom when applying a second laser pulse
with At <1 ps. Scuderi et al. [82] performed plasma analyses via time-resolved
optical emission spectroscopy during DP-LA of titanium with pulses of 100 fs
duration. The authors observed that the amount of NPs decreased with the
interpulse delay, whereas the number of atoms and ions increased. The changes
of plume composition were attributed to NPs fragmentation. Moreover, they|
claimed the possibility to tailor plume components over different characteristics
such as the kinetic energy of ions and neutrals, their relative fraction, and over
the NPs production efficiency. Results on DP-LA of nickel in vacuum using]
pulses of 250 fs duration delayed by 1-1000 ps were reported by Donnelly et al.
[40]. The authors observed that the increase of the interpulse delay from 10 to 100
ps provoked a decrease of the crater volume by more than a factor of 2 (up to a
value below the single pulse regime), while the ion yield was strongly enhanced.
They attributed this behavior to the interaction of the second laser pulse with the
material ablated by the first pulse. The evolution of NPs ejected during short
pulse LA (250 fs) of certified copper-based alloys and relative calibration plots of
a fs-ns DP-LIBS orthogonal configuration was investigated by Guarnaccio et al.
[87]. The authors stated that their particular DP-LIBS configuration can provide




new perspectives for compositional analyses of materials. Recently, Garrelie ef al.
[88] investigated the effects of temporal laser pulse shaping during LA of
aluminum and graphite targets in the view of optimizing thin films synthesis by
femtosecond pulsed laser deposition. In situ optical diagnostic methods were
used to monitor the expansion and the excitation degree of atomic species and
NPs. The authors showed that the use of optimized pulse shapes leads to a
decreased NPs production by balancing the thermo-mechanical energy content.
Short DP-LA (pulses of 100 fs separated by delays up to 90 ps) during drilling of|
aluminum and copper films was studied by Wang et al. [89]. The authors
reported that the drilling efficiency in DP regime is not higher compared to
single pulse drilling with the same total energy. The size of NPs re-deposited
around the drilled craters was found to depend on the metal (having different
electron-phonon coupling parameters). In addition, the particle size was shown
to decrease with increasing interpulse delay. The authors concluded that the
drilling process can be regulated by varying the interpulse delay, and an even
more efficient processing control is possible by using a shaped femtosecond laser
pulse train [89].

Several studies were also devoted to DP-LA of semiconductors and dielectrics
[85,90-93]. Analyses by time-of-flight mass spectrometry [85] and optical
emission spectroscopy [92,93] were performed during DP-LA of silicon,
demonstrating that the ion yield and the plume emission intensity significantly|
increase with the interpulse delay in the range of some tens of picoseconds.
Moreover, the laser-produced crater seemed smoother [85]. These changes were
attributed to alterations of the optical properties when the material reaches the
melted state. With respect to solid silicon, the melt exhibits a decreased optical
penetration depth, leading thus to an increased laser energy coupling. The
optical breakdown thresholds in silica and silicon were measured using DP of
40 fs duration by Deng et al. [91]. By varying laser energy and interpulse delay,
they found that the total energy required for breakdown decreases for silica and
increases for silicon with the elevation of the first pulse energy. Chowdhury et al.
[90], conducted pump-probe experiments on femtosecond DP-LA of fused silica
by investigating the plasma dynamics versus interpulse delays. They found that
the total ablated volume decreased with increasing interpulse delay and
attributed the lowering to the screening by the plasma generated by the first
pulse [90]. Stoian et al. [86] demonstrated an improvement in the quality of
femtosecond laser microstructuring of dielectrics by using temporally shaped
pulse trains [55].

With respect to NPs synthesis by conventional wet chemical procedures, short
pulse LA of metals in liquids exhibits several promising advantages such as
environmental sustainability, simple experimental set-up, and long-term stability|
[44,45,94,95]. Compared to NPs generation in vacuum and/or low pressure gas
backgrounds (see Chapter 4 for details), LA in liquids evidenced the possibility
to fabricate nanomaterials with special morphologies, microstructures and
phases, and to design various functionalized nanostructures in a single-step
process, as reviewed by Zeng et al. [44]. The physical mechanisms of NPs
formation by single pulse LA of metals in liquid environment were recently
addressed by Povarnitsyn et al. [28].

Besner et al. [96] proposed a laser-based method to control the size
characteristics of gold colloidal NPs by the generation of femtosecond laser-




induced supercontinuum. Highly stable aluminum NPs generated via single
pulse LA in ethanol using either femtosecond (200 fs) or picosecond (30 and 150
ps) laser pulses were obtained by Stratakis et al. [97]. An exhaustive description
of NPs synthesis by single pulse LA in liquid environments can be found in [98].
However, DP-LA attracted less interest and DP experiments in liquids were
performed mostly in the nanosecond regime in view of analytical purposes.

Burakov et al. [99] reported that metal ablation by double pulses in transparent
liquids could lead to the fabrication of stable, size-selected NPs, with an
increased production efficiency. Silver NPs colloidal solutions were obtained by
Phuoc et al. [100] using DP-LA in the orthogonal configuration, with the goal of
inducing fragmentation for an improved NP size control. Experiments
performed in collinear geometry for production of metal (Ag, Au, Cu) NPs
revealed an enhanced synthesis rate and an increased emission signal from the
plasma atoms and ions due to more efficient material ablation [101]. Titanium DP
irradiation under water has been investigated both theoretically and
experimentally by Casavola et al. [102]. The authors evidenced that the dynamics
of the plasma is strongly affected by chemical reactions between plume species
and vaporized liquid within the laser-induced cavitation bubble. Later, the same
group reported on collinear DP-LA in water for the synthesis of silver NPs [45].
Several optical and spectroscopic techniques were employed to study the
dynamics of laser-induced plasma and cavitation bubbles, and to monitor Ag
NPs generation as a function of interpulse delay. They concluded that: (i) smaller|
NPs were produced at interpulse delays corresponding to the early expansion
and late collapse stages of the cavitation bubble; (ii) higher nanoparticle
concentrations were obtained with DP-LA when the interpulse delay matches the
maximum volume of bubble expansion [45].

As mentioned before, double pulse laser irradiation was also applied for thin
films synthesis by pulsed laser deposition. However, in most of the studies, two
targets are simultaneously ablated by two synchronized laser pulses, in order to
obtain doped thin films or multilayered structures. Typically, UV excimer lasers
operated at either 193 or 248 nm are used in combination with Q-switched
Nd:YAG lasers operated at 355 or 532 nm to grow ferromagnetic NiMnSb [103],
Al doped ZnO [104], Au doped TiO; [105,106], and Au doped NiO thin films
[107]. Double pulses were also used in reactive pulsed laser deposition where an|
improved quality of deposited carbon nitride films was obtained for an
optimized interpulse delay [108].

Despite the success in obtaining stoichiometric thin films, pulsed laser
deposition is often affected by the presence of micrometer-sized droplets that
may lower the coatings quality in certain applications. Gyorgy et al. [109]
investigated the morphology of the Ta thin films obtained by double pulse laser
irradiation. In their experiments, an UV laser beam (A = 193 nm, trwrm = 10 ns)
was used for material ablation, and a delayed IR laser (A = 1.064 um, Trwham = 10
ns), propagating parallel with the target surface, was used for the interaction
with the particulates present in the ablation plume. The authors analyzed the
density of particulates on the surface of the films as a function of the delay
between the UV and IR laser pulses and evidenced the possibility of obtaining
particle-free Ta thin films.




9.4 MODELING OF DOUBLE PULSE LASER ABLATION

9.4.1 Fundamentals of laser-matter interactions

In the case of nanosecond laser ablation, the most common and simplest
model that describes laser-solid interaction is based on a “thermal effect” [110].
The problem of evaporation of a metal surface heated up to a certain temperature
To was considered by a number of authors, for example, by Anisimov et al. [111].
The equilibrium evaporation law may be then obtained by using the well-known
Hertz-Knudsen equation. However, laser ablation often occurs under non-
equilibrium conditions. Therefore, several groups considered non-equilibrium|
surface processes [112]. In particular, the role of a so-called “phase explosion”
mechanism was discussed [113,114,115]. In addition, photo-physical ablation of
organic polymer materials was examined [116].

Recently, femtosecond laser systems attracted particular attention [27,71,117-
119]. Several theoretical investigations have already underlined the main
physical processes involved in the ultra-short laser-matter interactions [34,120-
122]. The classical approach is based on the two-temperature model [35]. In
addition, several hydrodynamic simulations were carried out to describe the
target material motion [123-125]. In particular, shock wave propagation was
shown to play a crucial role in these calculations. Molecular dynamics
simulations were furthermore performed to provide even more detailed insights
into the laser ablation mechanisms, such as phase explosion, fragmentation,
evaporation, and mechanical spallation [80,126,127].

A typical hydrodynamic model is based on the solution of a system of either
Lagrangian [128] or Eulerian hydrodynamics [129]. These equations were
extended to the case of two-temperature hydrodynamics and supplemented by a
laser energy absorption source, electron heat conductivity and electron-phonon
energy exchange terms [130]. To complete the model, a properly chosen equation
of state (EOS) should be used. Previously, a semi-empirical thermodynamically|
complete EOS with separated components of electrons and lattice (heavy
particles) was used for metals, such as aluminum [131]. This EOS is developed to
fulfill the following requirements: (i) to describe experimental results on
compression and expansion for a wide range of densities and temperatures
including data on critical and triple points; (ii) to contain separate information
about electron and ion/lattice sub-systems; (iii) to represent changes of
thermodynamic parameters during phase transitions. Here, we switched
between two different modifications of the EOS: (i) with metastable states; and
(if) without metastable states.

To account for the kinetic processes, an estimation of a lifetime was
introduced for the superheated liquid (metastable state). Thus, when the binodal
line is crossed [27], a particular treatment was applied to each of the following
two competitive effects: (i) for the spinodal decomposition, a criterion of the
metastable liquid lifetime, based on the theory of homogeneous nucleation [132]
is used; (ii) for the fragmentation, a mechanical failure algorithm of Grady [133]
is applied. In the first case, we estimated the lifetime of the metastable liquid
as T = (CnV) teW/k8T) where C=101s1 is the kinetic coefficient, n is the
concentration, V is the volume, W = 16ma3/3AP? is the work needed to cause the
phase transition, AP is the difference between saturated vapor pressure at the




same temperature and the pressure of substance, kg is the Boltzmann constant,
and T is the temperature of the sub-system of heavy particles. The temperature
dependence of the surface tension is described as o = 0o(1 — T/T.)*?°, where T
is the temperature in the critical point, and oy is the surface tension at normal
conditions. In this case, as soon as the lifetime zin the volume V is expired, the
phase state in this point is no more metastable. The EOS with metastable phase
states is therefore no more relevant in this volume, so that the corresponding
thermodynamic properties should be rather calculated by using the stable EOS.
To account for the second effect, a fragmentation criterion was used for the liquid
phase with the spall strength P, = (6p%c30é)!/3and the time required for|
fragmentation t; = 1/ ¢ (60/pe¥)Y/3, where p is the density, ¢ is the strain rate,
and c is the sound speed. When this criterion was satisfied, we introduced
vacuum into the cell and relax the pressure to zero. Both of these criteria are
used simultaneously and each of them can prevail in a given computational cell
depending on the substance location on the phase diagram.

Laser energy absorption by the conduction band or free electrons is described
by solving the following system of Helmholtz equations:
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where E(z,t) and B(z,t) are the slowly varying laser field amplitudes; £(z, t) is
dielectric function calculated for the given layer at a given time; and 6, is the
angle of incidence. Equations (2-3) are solved by using a transfer-matrix method
[134] for both s and p polarizations. The absorbed laser energy can be then
calculated as follows:

Qu(t,2) = - Im{e(z, O}E (L, 2) . 4)

Molecular dynamics (MD) simulations coupled to a two-temperature model
(TTM) can be used as an alternative to such two-temperature hydrodynamic
methods [37,122]. In the MD-TTM method, the dynamics of the atomic
subsystem is determined by an interatomic potential and boundary conditions.
For metals, an embedded atom model [135] is often used. It accounts for both a
pair-wise interaction and a contribution of the electron charge density from
nearest neighbors of an atom under consideration.

9.4.2 Numerical simulations of short double pulse interaction with materials

Double pulse experiments are first studied with the aid of recently developed
MD-TTM model [37]. Here, the target free surface is placed at z = 0 nm and the
laser beam propagates in the positive direction of z. The ablation dynamics is
analyzed by using contour plots of the main thermodynamic parameters for|
different delays between the laser pulses. When At = 0, the dynamics of ablation|
corresponds to the case of a single pulse with the doubled incident fluence. At
delays up to 20 ps, the target expansion sets in, resulting in the enlargement of]
the absorption region.
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Figure 11. Contour plots of the density a), temperature of ions b) for different interpulse
delays: left - 50 ps; middle - 100 ps; and right - 200 ps [37].

For longer delays, shielding of the target surface by the nascent plume enters
in the play. At a delay At = 50 ps (Figure 11, left) a rarefaction wave produced by
the first laser pulse passes through the melted surface layer, leading to its
fragmentation. The plasma temperature is as high as 50000 K in the zone of
absorption of the second laser pulse. In this case, the second shock wave with an
amplitude of about 2 GPa starts its motion from the plume region towards the
bulk. This wave is followed by the second rarefaction wave. Its power is,
however, insufficient to cause spallation of the liquid layer [37].

For the delay of 100 ps (Figure 11, middle), the second pulse energy|
absorption is observed at z ~ =500 nm, while the plume temperature reaches
about 70000 K. The power of the second shock wave is sufficient to completely
eliminate the fragmentation produced by the first pulse by erasing the created
voids. As the absorption of the second pulse takes place far enough from the
initial surface of the target (in the leading edge of the nascent ablation plume),
the collapse of voids is finished by At = 350 ps. An additional melting of the
target can also result from this event. Finally, for the delay of 200 ps (Figure 11,
right), the energy of the second pulse is absorbed at even longer distance from
the target. Again, the shock wave originates in this region and the motion of this
wave is clearly seen in the Figure. At 500 ps, a hot supercritical phase with
temperature higher than 50000 K appears in the plume, and plume merging with
the target liquid layer takes place. In addition, melting is observed until ~ 1100 ps
and the melted depth reaches ~ 450 nm.

Figure 12 shows the laser ablation depth as a function of interpulse delay. The
case of 0 ps delay is identical to single pulse ablation with the fluence 2 x F,,, = 4
J cm™2. Then, as the delay increases, the ablation depth starts to drop and, by the
delay of about 30 ps, it reaches the single pulse ablation depth for F,,. For longer|
delays, the ablation depth monotonically drops below the depth of single pulse
ablation, as shown in the experiments [41,57]. In fact, the plasma plume starts to
expand and the second pulse reaches the target and raises the ablation crater
depth. The experimentally observed linear growth of the crater depth with the
number of pulses thus supports the final value of the extrapolated depth at At —
0.
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Figure 12. Ablation depth dependence on the delay between two succeeding pulses of|
2 Jem2 fluence each— empty (red) triangles. The extrapolation to long delays is shown by
the dashed (blue) curve. The blue arrows show the ablation depth of a single pulse of 2 ]
cm2 fluence and two succeeding pulses with the delay — oo [37].

Based on the above analysis, two main mechanisms could be identified to be
responsible for the suppression of ablation in the DP ablation experiments [37].
The first one is associated with the suppression of the rarefaction wave, which
leads to homogeneous nucleation in the liquid layer of the target under tensile
stress. This mechanism dominates for the delays up to 20-50 ps and results in the
monotonic decrease of the crater depth. For delays longer than 50 ps, mechanical
fragmentation occurs after the first pulse, but the second pulse generates a novel
high-pressured plasma region ahead of the ablated liquid layers and pushes the
large fraction of these ablated layers back to the target. In this case, the ablation
depth can be even smaller than that in the case of a single pulse regime.

9.5 CONCLUSIONS AND PERSPECTIVES

The given summary of experimental and theoretical investigations of material
ablation with time-delayed short laser pulses reveals strong changes of the
plume composition when the interpulse delay reaches the characteristic time of
electron-lattice thermalization. The changes of the relative emission intensities of
atoms and NPs within the plume evidence two characteristic times, suggesting]
thus different mechanisms responsible for the plume composition modification.
It is shown that for At < 7, the energy deposited by the second laser pulse is
confined in a smaller volume due to the increased lattice temperature and the
reduced electron heat conductivity. Accordingly, the atomization degree of the
plume increases, in agreement with theoretical and other experimental studies.
For times At >> 1., the interaction of the second delayed laser pulse with the
vaporized material is responsible for plasma re-heating. These observations were
confirmed by ablation depth measurements and AFM analysis of the NPs
collected on mica substrates.

As a consequence of the efficient reduction of the NPs fraction, and the
increase of the atomic emission intensity, the performances of material analysis
via DP-LIBS could be considerably improved. Understanding the complex
mechanisms of DP-LA leading to the change of the sample heat regime with the
interpulse delay is mandatory for the optimization of several other applications
like: ultra-precise micromachining, high quality thin films synthesis by pulsed




laser deposition, and syntheses of new nanomaterials and nanostructures.

Recent theoretical studies of DP laser-metal ablation are in good agreement
with experimental investigations. A further progress of laser-based applications
will be possible only by a synergistic approach between numerical modeling and
accurate experiments.

Indeed, developments could be foreseen in the field of laser interaction with
dielectrics for applications in three-dimensional data storage, fabrication of]
micro- to nano-fluidic devices for single-cell analyses. Although remarkable
progress was achieved in the NPs synthesis by DP-LA in liquid environments,
further advances are awaited in the synthesis of new nano-objects and their
direct functionalization for cancer diagnostic and treatment or for nanomedicine
in general.

Finally, the simplified approach of using double pulses could open the gate
for more sophisticated experiments for materials nano-processing and analyses
using shaped pulses. Probing nanoscale phenomena, near-field and plasmon
coupling [55] may stimulate new directions in nanoscience and nanotechnology.
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