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Highlights :

e Nanoparticles (NP) with demanded properties can be produced due to Pulsed Laser
Ablation in Liquids (PLAL).

e There are two main mechanisms of NPs production that are sensitive to irradiation
conditions.

e There are such laser processing regimes that allow for manipulation with the
mechanisms of laser ablation.

e Activation of the appropriate mechanism of PLAL allows for formation of NPs
with controllable size characteristics.
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Abstract

Pulsed Laser Ablation in Liquids (PLAL) manifested itself as a powerful tool for the
synthesis of nanoparticles (NPs) from a variety of materials of high demand in biomedicine.
The mechanisms and regimes of nanostructures formation, however, still require clarification
in order to better control the final NPs characteristics. Here, we present a numerical study of
femtosecond laser-ablative production of metal (gold) NPs in water ambient using an advanced
atomistic continuum approach, combining the Molecular Dynamics (MD) and Two
Temperature Model into the frames of a single MD-TTM computational method. The model
describes non-equilibrium laser-induced phase transitions at atomic level and accounts for the
effect of free carriers in continuum. With the MD-TTM model we investigated the effect of
slight porosity arising due to a partial overlap of laser craters during the scanning of laser beam
over the target surface under a high repetition rate of laser pulses. For that purpose, we perform
a simulation of 270 fs laser pulse interaction with solid and porous gold targets at the incident
fluence of 2.5 J/cm?. The obtained results revealed the manifestation of different regimes of
ablation and different yield of the obtained NPs. The simulation results are compared with the
corresponding experimental data. We found that depending on the scanning speed the ablation
can follow thermal and spallation mechanisms of the material ejection, which are responsible
for the appearance of fine and course populations of NPs correspondingly. In the case of clean
target’s surface ablation, when at high scanning speed of 3840 mm/s each pulse hits a fresh area,
the material ejection is governed by both mechanisms, which leads to the appearance of bimodal
population of NPs. Alternatively, a moderate scanning speed of 840 mm/s results in a partial
overlap of the sequential laser spots on the surface and generated slight porosity removes the
accumulation of laser-induced stresses. The spallation mechanism of the material ejection is
therefore suppressed, which results in generation of a monomodal fine population of NPs with
a 20 times larger yield. The obtained data are of importance to predict and control size

characteristics of laser-synthesized nanomaterials.
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1. Introduction

The role of nanoparticles (NPs) has become extremely important for the last two decades, as
they can exhibit a series of unique properties that make them useful for a plethora of
applications, including catalysis, photovoltaics, and biomedicine. The process of their
manufacturing, however, remains challenging, as projected applications may impose severe
requirements on physical and physico-chemical parameters of NPs. As an example, applications
of NPs in biomedicine (bioimaging, therapeutics, targeted delivery of drugs) frequently require
their parameters such as shape, mean size (usually in the range of 10 - 100s nm), and size
distribution to be quite specific [1,2,3,4]. Such requirements are caused by the necessity of
maximizing imaging or therapeutic functionality, and subsequent elimination of the NPs
without any side effects [5,6]. The controllable size of NPs with low size dispersion becomes
especially important in some tasks of diagnosis and treatment of cancers, e.g. in methods
implying the use of NPs as sensitizers of magnetic field-induced [7] or photon-induced
[8,9]local overheating (hyperthermia) of cancer cells leading to their death.

Methods of pulsed laser ablation are now increasingly popular for the synthesis of various
nanomaterials (metallic, semiconductor, composite, etc.) [10,11] presenting the main
alternative to conventional chemical synthesis. This method is based on a natural production of
nanoclusters during the interaction of powerful pulsed laser radiation with a solid target of
virtually any material [12,13], which can then be released to a gaseous or liquid medium to
form a nanostructured thin film [14,15,16,17] or a colloidal nanoparticle (NP) solution
[18,19,20,21], respectively. Pulsed laser ablation in liquids (PLAL) has gained particular
attention for last years (for review, see [11]). Since PLAL procedure does not require the use
of specific chemical products and conditions, they are free of limitations of colloidal chemistry
and can provide nanomaterials of controllable geometry and composition, which can be used in
a variety of important applications, including biomedicine [22,23,24,25], catalysis
[26,27,28,29], photovoltaics [30].

Femtosecond laser ablation has demonstrated its especially high efficiency in the control of
NPs size and composition in the absence of ligands [21,31]. One of advantages of this technique
is related to a much lower energy per laser pulse needed to initiate ablation from a target. This
leads to a drastic minimization of plasma and cavitation bubble effects, which are considered
as important factors leading to uncontrollable growth of nanoclusters and related broadening of
size dispersion [21,32]. As we recently showed, this technique makes possible a fine control
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NPs size parameters for a variety of nanomaterials, including metal/semimetal [33,34,35] and
semiconductor [36,37,38] NPs. However, some properties of femtosecond laser ablation are
still not fully understood. One of such properties is related to a possible appearance of bimodal
size distributions of laser-ablated metal NPs (Au, Ag) associated with the presence of finer
(smaller size and lower dispersion) and coarser (larger and more size-dispersed) populations
[21,31,32], although the second coarser population could be discriminated by a proper selection
of laser parameters [21,32,39]. It should be noted that the presence of such a bimodal
distribution was equally reported for both short and long laser pulse durations and for a variety
of metal and semiconductor materials (see e.g. [40,41,42,43,44,45]) suggesting common

mechanisms for its origin.

An adequate theoretical description is still needed to identify all possible factors and
mechanisms affecting size characteristics of NPs under different parameters of laser radiation
and geometry of ablation. Here, approaches based on Molecular Dynamics (MD) have
demonstrated the highest potential in the description of the very first stage of laser-matter
interaction (within a few ns) characterized by a non-equilibrium processes of radiation energy
deposition and the establishment of initial excited system parameters, which then determine the
further evolution of diffusion, nucleation, coalescence and nanoparticle aggregation processes
during subsequent plasma development and cavitation bubble stages [46].

Because the above-mentioned processes arise on a wide spatial and temporal scales, the
classical MD methods cannot provide a complete description of the process and the final model
should yet be complemented by methods describing the evolution of the excited electronic
system and the nanoparticles growth during later stages. However, the suggested in this work
atomistic-continuum approach could help one to identify some key factors affecting NPs size
characteristics, and even give clear indications on possible mechanisms of NPs generation. In
particular, it was proposed that the coarser population of the NPs could originate from the
decompositions of Rayleigh-Taylor instabilities across the metal-liquid interface, whereas the
finer one could appear due to an explosive boiling ablation mechanism and subsequent
nucleation of the metallic vapor atoms into small coalescing clusters as a result of an intensive
cooling process [47, 48, 49,50]. It was also noted in [51,52] that both the growth of Rayleigh-
Taylor instabilities and the generation of significant amount of vapor can be attributed to
different regimes of the laser energy deposition: mechanical confinement and thermal
confinement [53]. While most of the experimental conditions are accompanied by both regimes,

the former one is responsible for the accumulation of strong compressive stresses inside the
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target due to fast and deep heating. These stresses then pass through a relaxation stage via a
strong recoil of pressure waves, followed by the establishment of a hydrodynamic motion in
the molten part of the material, on the surface of which the Rayleigh-Taylor instabilities are
generated. The latter one (thermal confinement regime) results in a significant elevation of
target’s surface temperature and a subsequent removal of material via the explosive boiling
mechanism [54]. If so, by means of variation of the laser irradiation parameters it becomes
possible to suppress or isolate one or another regime of the target’s heating in order to control
the final populations of generated NPs. In particular, as it was found in [39,50,52], long pulses
(with the duration much longer than the characteristic e-ph equilibration time ~ 1 - 30 ps) lead
to a gradual relaxation of any developed stresses induced in the target (typical for ultrashort
pulses) and if the applied fluence does not lead to a significant elevation of electronic
temperature (where electron conductivity is high [55,56]), the heat is mainly confined in the
proximity of the surface. The material ejection in such a case follows the explosive boiling
mechanism leading to the formation of the finer NPs population. These finding are consistent
with recent observations found in other theoretical works [49,50,57,58].

We believe that the mechanisms of nanoparticle formation under PLAL can be better
understood if one clearly identifies and discriminates different factors, which can affect the NPs
growth. One of such factors is related to a possible appearance of porosity in the upper layer of
the target surface under its multi-pulse ablation. Recent experiments on NPs generation due to
PLAL in the multi-pulse regime revealed the formation of unimodal size distribution if the
irradiated sample possesses a predeveloped porosity [46]. Indeed, such a porosity can appear at
the periphery of laser spots while a laser beam is scanned over the target surface. As it was
shown in [59], the applied fluence in the periphery of the laser spots can be just below the
ablation threshold value, which can lead to the formation of subsurface voids (with vacuum
inside) under the irradiated area without the actual ablation phenomenon (material removal via
spallation mechanism) [49,60,61,62,63]. Here, for a certain scanning speed, the overlap can be
partial, which is supposed to lead to a minor porosity, but even this porosity level could change
the ablation threshold and material removal mechanisms compared to the ablation from a fresh
(undamaged) surface. On the other hand, smaller scanning speeds can lead to a significant
overlap yielding the formation of trenches with spike-like surface relieves, which also changes
its thermophysical properties and affects the ablation process to alter specifications of the

obtained NPs (shape, mean size, and size distribution).



Since during the first stage of laser-material interaction the formed porosity is supposed to
strongly affect the process of laser energy deposition and its subsequent dissipation during the
second stage, we believe that methods of MD-based modeling might offer an efficient tool to
describe such an effect on the ablation process and explain size characteristics of formed NPs.
Here, we carry out large-scale MD-based simulations to consider the effect of laser-induced
target’s porosity during the interaction of fs laser radiation with a gold target in water. Due to
a complicated experimental evaluation of the laser-induced porosity, in this work we investigate
only its qualitative effects. We show that depending on the absence or presence of this
subsurface porosity, the dissipation of the deposited laser energy can follow different channels,
which results in the appearance of either bimodal or monomodal size distributions of formed
NPs. In particular, in our simulations we are targeting the NPs generation of 10nm +/- 2nm for,

which are suitable for many applications, including biomedicine and catalysis.

2. Methods

2.1 Experimental methods

Gold (Au) NPs were obtained by femtosecond laser ablation in deionized water. A gold
target and a glass vessel (14x28x40 mm) were initially cleaned in an ultrasonic bath for 5
minutes. A beam (60 pm diameter) from a Yb: KGW laser (1030 nm wavelength, 270 fs pulse
duration, power = 705 mW, fluence = 2.5 J/cm?, 10 kHz repetition rate, TETA 10 model,
Avesta, Moscow, Russia) was focused by a 70 mm lens on the surface of the target through a
side wall of the vessel. The thickness of the liquid layer from the entrance glass to the target
surface was 2 mm. The ablation vessel was mounted on a platform, which performed one-shot
scanning over a 10 x 10 mm area with the two speed-modes: 870 and 3840 mm/sec, which
corresponded to the irradiation spot displacement by 0.5 and 2 laser beam diameters,

respectively, Fig. 1a. A detailed scheme of a PLAL process is shown in Fig. 1b.

After the generation of colloids, both obtained solutions were investigated by Transmission
Electron Microscopy (TEM) using a JEOL JEM-2010 system. TEM images were obtained at
200 keV accelerating voltage. Size distributions of the synthesized Au NPs were obtained by
means of the analysis of TEM images by ImageJ software using the circle fit approximation.
The final distributions of the 870 mm/sec and 3840 mm/sec regime were based on the obtained
measurements and plotted in the Origin software environment. The resulting images were
processed, and the particle size distribution was calculated using the ImageJ and Origin
program. In the case when the laser beam shifted by half the diameter with the beam speed 870

mm/sec on the target surface, the size of the obtained nanoparticles lay in the narrow range of
7



1-11 nm with a local maximum of 4 nm. In the case of a laser beam offset by two diameters
with the beam speed 3840 mm/sec, the size of the nanoparticles lay in the wide range of 1-40

nm and the distribution was bimodal with two local maxima of 5 and 25 nm.

2.2. Numerical modelling

The simulations were performed using a combined atomistic continuum model, which
describes non-equilibrium laser-induced phase transitions at the atomic level via Molecular
Dynamics (MD), whereas laser light absorption, fast electron heat conduction, and strong
electron-phonon non-equilibrium (developed during the ultrashort laser pulses) are addressed
using Two Temperature Model (TTM) [64] in continuum. Such a combined MD-TTM model
has been successfully exploited to study ultrashort pulse laser melting and ablation processes
[65], nanostructuring of materials [66] and NPs generation in different media [52,67]. Thus, the
MD-TTM model has manifested itself as a powerful numerical tool to investigate transient
states of matter induced by an ultrashort pulsed laser energy deposition and as a predictive
instrument to describe laser-ablative modification of surfaces with predesigned properties. The
basics of this model was described in Ref. [68], and its application for NPs generation due to
PLAL was extended in our recent works [39,51,52]. The principle of operation of the model is
schematically described in Fig. 2. An initial monocrystalline sample of [1,0,0] orientation with
the dimensions of 80nm x 80nm x 700nm in X, Y, and Z directions, totally accounting for
175,000,000 atoms, was equilibrated at normal conditions. Assuming the size of laser spot
much greater than the lateral size of the modelled volume, we apply periodic boundary
conditions (PBC) over X and Y axes and we use transparent for the heat flux non-reflective
boundaries conditions (NRB) at the bottom of the MD domain (where laser-generated pressure
waves are absorbed), limiting the application of the combined model MD-TTM in Z axis
[69,70], meanwhile providing the cooling of the surface region. Atop the metal target, we place
a water layer, equilibrated with the target and ending with the NRB boundary at the distance of
500 nm above the metal surface. For a more efficient parallel processing with MPI, we choose
the processor geometry of 36 x 36 x 1 cores in X, Y, and Z directions correspondingly. The
porous sample was prepared in the assumption of ~25% porosity in the pre-surface volume, as
compared to the bulk sample, by the placement of 3 layers of empty voids at positions of 25
nm, 45 nm, and 60 nm below the initial surface with their volumes of 15 nm3, 20 nm?, and 10
nm?, correspondingly. Such a configuration was chosen based on the data presented in
[49,50,63] and the voids with vacuum inside were assumed to be formed due to a spallation

onset during the prior virtual laser pulse with the same irradiation parameters, but shifted by
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half of the spot diameter. Both bulk and porous sample, prepared and equilibrated under the
liquid environment, were then irradiated by a single 270 fs laser pulse at the incident fluence of
2.5 Jlcm?. The process of laser energy absorption and the electron heat conduction in porous
sample is automatically accounted in 3D by a continuum part of the combined MD-TTM model.
Parameters of the interatomic potential, representing gold material (including the description of
the electronic subsystem) and water media, are listed in Refs. [60] and [39] correspondingly. It
is worth mentioning here that the interatomic potential function for water does not reproduce
all its thermophysical properties, but does reproduce well its mechanical properties, which is

more important.

The above described MD-TTM method for the simulation of PLAL experiments, except the
interatomic potential function parametrization and computational cell geometry, is similar to
methods described and used by other theoretical groups [48,49,50,58]. Unlike the previously
used model of the electron thermal conductivity in [39,51,52], in this work we use a more
advanced approach that takes into account not only dependencies for electron and lattice
temperature, but also that of local density of matter, as suggested in Ref. [56]. Moreover,
reflectivity, as a function of the electron temperature, was calculated based on data presented

in Ref. [71] and accounted for the absorbed fluence value of 545 mJ/cm?,

Similar to the model described in detail in our previous research [39], the used model does
not take into account any chemistry (e.g., oxidation phenomena) and optical non-linearity in
liquid media. Also, due to a high computational cost of simulation we limit our modeling to 2.5
ns of the experimental time, when the active process of NPs formation ceases and the effect of
periodic boundaries in X and Y direction becomes significant, which can bring certain
artificiality into the obtained NPs’ characteristics. Because of the same reason, the investigation
of NPs formation due to ns pulses, where slower processes like precipitation and growth of NPs
due to diffusion of metal atoms in liquid media and coalescency of small clusters can start
providing a major input, the model is basically limited to the pulse durations of 100’s ps.
Nevertheless, the performed in this study simulations clearly isolate the main driving
mechanisms of the NPs formation that are responsible for the initial system evolution, which
however determines its future dynamics on a larger time scale in general. Here, regarding the
effect of porosity on the NPs formation process, we rely on the experimental verification of the

theoretical prediction drawn from our modeling and interpretation of the obtained results.



Thus, the suggested above computational approach is aimed at the identification of main
effects involved in the NPs formation, and the effect of water media is mainly caused by its
mechanical action and thermal energy sink due to vaporization losses. Nevertheless, we believe
that the above model can capture the essential processes involved in the NPs formation process
due to PLAL and the described approach is an important step forward towards generation of

colloidal NPs with predesigned properties.
3. Results and discussion

The results of the simulations can be seen in Fig. 3, where the atomic snapshots of the
irradiated targets’ evolution are shown for the time of 1000 ps after the pulse. For the case of
bulk target, Fig. 3 (a), we observe the large clusters and irregular shape pillars of the molten
material developing across the moving metal-water interface as a result of Rayleigh-Taylor
instabilities. In contrast, the irradiation of the porous sample, Fig. 3 (b), results in the nucleation
of small NPs of spherical shape atop a molten upper part of the metal target, which moves
upward with a smaller speed. In the former case, the growing instabilities will eventually
decompose to large NPs, while the remaining vapor atoms (in much lower quantities than in
the case of the porous target) will nucleate into the NPs of smaller size, Fig. 3 (a). In the latter
case, however, the surface of porous sample undergoes a much stronger overheating that results
in a stronger evaporation process and the formation of significantly larger quantity of vapor
(red atoms). Then, the vapor passes through a stage of a massive nucleation during a subsequent
cooling process due to the presence of liquid and significant thermal losses due to its
evaporation, leading to the formation ~5-10 nm NPs, Fig 3(b).

A visual analysis of the bulk and porous ablated samples reveals that the spallation
mechanism of the material ejection, responsible for the establishment of upward motion of the
pre-surface region due to the formation of internal voids [60,62,63], is present in both cases. It
is nevertheless more pronounced for the case of the bulk target, that is reflected by a different
position of the ablative mass, indicated by white arrowed marks in Fig. 3. Eventually, the
relative difference between the height of the ablation plumes in 20% is reached by t = 2,5 ns
with the values of 900 nm and 750 nm above the initial position for the bulk and porous samples
correspondingly. Thus, for the case of bulk sample irradiation, we reproduce conditions for
bimodal NPs size distribution that was registered experimentally [40,43,45] and observed in
numerical simulations [39,48,49]. However, despite the fact that we still observe the
development of Rayleigh-Taylor instabilities in the case of porous material, its input to the
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mechanism of NPs formation of the larger population is insignificant and seems to be
suppressed. Therefore, the first visual analysis of both targets’ evolution due to PLAL
emphasizes the benefit of porous target utilization in the NPs production for variety

applications.

In order to perform a more formal analysis of the laser-induced processes in the targets,
responsible for the NPs formation, in Fig. 4 we show the lattice temperature and pressure fields
in the pre-surface regions of the samples at t = 15 ps, when their maximum values are reached.
From the analysis of temperature fields of bulk and porous targets, Fig. 4(a) and 4(b)
correspondingly, one can clearly see that the laser-deposited energy in the porous sample does
not penetrate to the material as fast and deep as it is in the case of the bulk sample. In general,
there are two essential channels of the laser-deposited energy dissipation [53,72]: via the
electron-phonon coupling connected with the rate of lattice heating, and the electron heat
conduction, connected with the effective heating depth of the irradiated material [73]. Both
channels are strong functions of the electronic and lattice temperatures and the local material
density [55,56,74]. If, however, the electron-phonon coupling is a smooth function of electronic
temperature (gradually decreasing or increasing) [74], the electronic conductivity demonstrates
a complex behavior depending on the level of excitation [55,56]. The latter one gives us the
possibility to manipulate with the amount of heat dissipated through this channel (the electron-
phonon coupling) via varying the laser fluence, and thus to control the amount of heat dissipated

through the other channel (the electron thermal conductivity).

The presence of pores in pre-surface layer of the porous target suppresses the laser-deposited
energy dissipation via the electron heat conduction channel, increasing therefore its part
dissipating through the electron-phonon relaxation. The latter results in a greater lattice
temperature elevation in the proximity of the porous sample’s surface as compared to the case
of the bulk sample. As a result, the lattice temperature reaches its critical value (~6500 K), and
a significant part of the material is removed by explosive boiling mechanism [75]. In contrast,
the channel of laser-deposited energy dissipation via fast electronic conductivity is active in the
case of the bulk sample, which results in the penetration of a significant part of the deposited
energy deeper to the sample and the establishment of strong temperature and pressure gradients
across a longer spatial scale. When dealing with a short pulse (much shorter than the
characteristic electron-phonon equilibration time, ~ 20 ps), the material heating rate exceeds its
acoustic (mechanical) relaxation rate, and the conditions of internal stress confinement are
developed within 100-200 nm below the surface [76].



If such conditions are realized, the process of material ejection is governed by means of
the spallation mechanism, which leads to the establishment of active motion of the metal-liquid
interface upwards during PLAL. This can be seen in Fig. 4(c), in which a strong pressure wave
resulting from the relaxation of the laser-induced internal stresses propagates to the bulk of
material downward. For the porous material, however, any accumulating internal stresses due
to the ultrafast laser energy deposition rate instantly relax to the pores, since the acoustic
relaxation rate is determined by the characteristic distance between them. This results in a
insignificant rise of pressure, Fig. 4(d), as compared to the case of bulk sample, and the
development of the metal-liquid interface upward motion due to the suppression of the
spallation mechanism (although it is still present). Since the heat flux is limited, the remaining
channel of the energy dissipation via the electron-phonon coupling results in high values of the
lattice temperature developed on the surface that is similar to the regime of thermal confinement
[72].

Thus, one of the most important conclusions of the present work is that for the production
of fine population of NPs, one should use the regime of thermal confinement (responsible for
the material ejection via the explosive boiling mechanism) rather than the regime of mechanical
confinement (responsible for material modification via spallation mechanism), frequently
suitable for nanostructuring purposes. The former can be activated by means of increasing of
both the pulse duration and the incident fluence [50,51,52], whereas the latter can be triggered
by means pulse shortening (at least shorter than the characteristic electron-phonon equilibration
time) and working at fluencies just above the threshold of material modification (melting
threshold) [53,72]. Finally, both regimes are not well-separated and normally accompany each
other. Therefore, the conclusion above is not a “rule of thumb” for an easy isolation of one
regime from the other, but there are such irradiation regimes (trending to the above conclusion),
when one or the other mechanism of material modification/ejection can be suppressed as

compared to the other one.

For the qualitative analysis of size characteristics of NPs formed as a result of PLAL process,
we characterize them with the size distribution obtained from the simulations, Fig. 5 (a) and
(b), and compare them to the distributions measured in the experiment, Fig. 5 (c) and (d). As
one can see, the result of NPs production due to PLAL of bulk sample indicates their multimodal
size distribution, Fig. 5(a), with a little contribution from a small (< 10 nm) population of NPs.
This situation was already registered and explained in several previous experimental and

theoretical works [45,40,43,48,49,39]. In the case of the porous target, however, due to limited
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input of the spallation mechanism of material ejection and enhanced heating of the surface
layer, Fig. 5(b), the formation of the coarse population of NPs is suppressed, while the fine
population have the size within the range of 5-10nm is drastically increased.

Experimentally, the NPs generation in water due to a 270 fs laser pulse at the incident fluence
of 2.5 J/cm? was measured in a multipulse regime, Fig. 5 (c) demonstrate the resulting NPs size
distribution obtained with the scanning speed of 3840 mm/sec, which roughly corresponds to
the shift of each new pulse to approximately two diameters the laser spot on the material’s
surface. Thus, each new laser short ablates fresh surface related to our simulation of the laser
pulse interaction with the bulk target, Fig. 3(a). As we can see, the size distribution has a broad
character with uncertain mean size. Alternatively, Fig. 5 (d), shows the NPs size distribution
obtained with the scanning speed of 870 mm/sec, which roughly corresponds to the shift of
each new pulse to approximately half of the laser spot diameter. Thus, each new short ablates
the surface, which already has a porosity, predeveloped by the previous pulse due to local
fluence being below the spallation threshold. Clearly, this case corresponds to the simulation
of laser pulse interaction with the porous target, Fig. 3 (b). The resulting size distribution of
NPs has a clear unimodal character with a narrow size dispersion and the mean size of about 4
nm. Thus, the experimental measurements not only confirm our theoretical model, but also
constitute a step towards the elaboration of the methodology for the fabrication of NPs with

controllable size characteristics.

4. Conclusions

It was found that the regime of PLAL and the final product characteristics are determined
by two channels for the laser-deposited energy dissipation, which are governed by the electron-
phonon coupling and the electron heat conduction processes. Both channels are strong functions
of the electronic temperature. In turn, the characteristic electronic temperature variations range
during the pulse is strongly determined by the pulse duration and the absorbed fluence. These
connections give us a possibility for the manipulation of size characteristics of formed NPs’ via
the variation of laser irradiation parameters. In particular, for the production of fine (small size)
population of NPs it is important to work in the regime of thermal confinement for the
development of preferably higher surface temperature with the subsequent material removal via
the explosive boiling mechanism. This mechanism can be achieved at high fluence regime to
generate a significant amount of vapor, which leads to the formation of fine NPs population
during the nucleation process. Meanwhile, in order to avoid the spallation mechanism of the

material ejection and an intensive motion of the metal-liquid interface (with a subsequent
13



development of the Rayleigh-Taylor instabilities and their fragmentation to large material’s
fractions) the use of long pulses excludes the internal stresses confinement regime and thus
benefits over the short and ultrashort pulses for the production of NPs of fine population in
liquids. Due to the model limitations, however, we could not take into account the evolution of
NPs’ parameters on microsecond time scale, which could bring some corrections to the size
characteristics of formed NPs.

While the effect of pulse duration and the absorbed fluence on the NPs formation process in
liquids has been recently studied, the applications of different pulse regimes (single pulse or
multi-pulse regime), and its connections with different regimes of the laser energy dissipation,
is investigated for the first time. Namely, in this study we focused on the qualitative effect of
predeveloped porosity at the front edge of the scanning laser spot in the context of generation
of NPs with prescribed characteristics. Based on theoretical predictions we describe the
mechanism of the presurface porosity generation in the multi-pulse regime of PLAL and
address its effect on the NPs’ yield. The experimental measurement completely confirmed the
suggested theoretical approach and drawn prediction from the obtained simulation results.
Although it was not possible to completely suppress or isolate one or another channel for the
laser-deposited energy dissipation, one can experimentally tune the regimes of laser irradiation,
which can provide the unimodal size distribution of NPs of spherical shape. Considering the
scanning geometry, one can achieve the generation of the porous pre-surface layer at the front
of the laser spot and obtain the NPs of small and narrow size distribution.

Based on its accuracy and advanced material description, the proposed model can be
considered as one of for-front technologies for the prediction of evolution of an excited atomic
system at the present. Moreover, the internal built-in models related to laser light absorption,
electron heat conduction and electronic properties of material do not limit the MD-TTM
approach to a particular choice of material and the computational cell geometry. Thus, with the
available description of the material’s properties the model can be easily adapted and extended
to other metals and liquids. In general, since the effect of the laser-induced stresses on the
formation of NPs is suppressed due to presence of porosity, we can expect qualitatively similar
results for other metals both noble (Pt, Ag) and transition (Ni, Al). Finally, due to water model
representation used in this work, similar results can be obtained with other liquids of similar

mechanical properties (spirits, acetone).
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Figure 1: (a) Scheme of the experiment: 1 — femtosecond laser Yb: KGW; 2 —dielectric mirror;
3 — galvanometric scanner (Ateko F-Theta lens with a working field of 70x70 mm, focal length
f' = 100 mm); 4 — ablative chamber with a target; and (b) the detailed scheme of PLAL

processing for a gold target

16



0nm

T

Y link cells

-50 nm

-100 nm

(a) l Ny p;ocessors ‘ ™ (b) X Ii:1k cells

Figure 2: Schematic representation of the combined atomistic-continuum MD-TTM model in
parallel multiprocessing regime for large scale simulations of NPs formation due to PLAL (a)

and its realization in 3D mesh (b). Surface volume slice in [1,1,0] direction indicating the

relative position of the prepared voids (c).
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Figure 3: The atomic snapshots of the irradiated target in water at t =1000 ps after the pulse
for initially bulk (a) and porous (b) targets. The top 150 nm of the ablating metal target is
shown for both cases with the corresponding positions of the ablating surfaces indicated by
white arrows. Water atoms are not shown for a better visual analysis. The atoms are colored by
Central Symmetry Parameter (CSP) to distinguish a local crystal structure as follows: crystal <

0.08 < defects (dislocations) < 0.11 < liquid < 0.25 < surfaces < 0.50 < vapor (free atoms).
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Figure 4: Temperature field in the Au target at t = 15ps after the pulse, shown by color for
the bulk (a) and porous (b) targets. Pressure field in the Au target at t = 15ps after the pulse,
shown by color for the bulk (c) and porous (d) targets. The liquid above the target is blanked.

The level “0 nm” indicates the initial position of the target’s surface.
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Figure 5: The NPs size distribution due to the PLAL obtained in simulation with a bulk (a)
and porous (b) targets. The wide arrow in (a) indicates the region of formation of a coarse (large
size) population due to the decomposition of Rayleigh -Taylor instabilities. The NPs smaller of
2nm are not shown for a better visual interpretation. The experimentally measured NPs
distribution in a multipulse regime of 270 fs laser pulse interacting with a gold sample at the
incident fluence of 2.5 mJ/cm? in a scanning regime with the speed of 3840 mm/sec,
corresponding to the shift of two laser spot diameter (c), and 870 mm/sec, corresponding to the
shift of a half laser spot diameter (d).
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