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cesses that control the nanoparticle structure, composition, and size distribution, however, are not yet
fully understood. In this paper, we report the results of first atomistic simulations of laser ablation of
metal targets in liquid environment. A model combining a coarse-grained representation of the liquid
environment (parameterized for water), a fully atomistic description of laser interactions with metal tar-
gets, and acoustic impedance matching boundary conditions is developed and applied for simulation of
Molecular dynamics simulations laser abla}tion of a Fhin silver film dep0§ited ona silica sybstrate. Th'e simulatiops, performgd at two laser
Generation of nanoparticles by laser fluences in the regime of phase explosion, predict a rapid deceleration of the ejected ablation plume and
ablation the formation of a dense superheated molten layer at the water-plume interface. The water in contact
with the hot metal layer is brought to the supercritical state and transforms into an expanding low den-
sity metal-water mixing region that serves as a precursor for the formation of a cavitation bubble. Two
distinct mechanisms of the nanoparticle formation are predicted in the simulations: (1) the nucleation
and growth of small (mostly <10 nm) nanoparticles in the metal-water mixing region and (2) the forma-
tion of larger (tens of nm) nanoparticles through the breakup of the superheated molten metal layer trig-
gered by the emergence of complex morphological features attributed to the Rayleigh-Taylor instability
of the interface between at the superheated metal layer and the supercritical water. The first mechanism
is facilitated by the rapid cooling of the growing nanoparticles in the supercritical water environment,
resulting in solidification of the nanoparticles located in the upper part of the mixing region on the time-
scale of nanoseconds. The computational prediction of the two mechanisms of nanoparticle formation
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yielding nanoparticles with different characteristic sizes is consistent with experimental observations of
two distinct nanoparticle populations appearing at different stages of the ablation process.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Following the initial report of the nanoparticle synthesis by
pulsed laser ablation in liquids (PLAL) [1] and subsequent demon-
strations of the versatility of this method in generation of noble
metal nanoparticles [2-5], the investigations of laser ablation in
liquids have evolved into an active research area. The steadily
growing interest in PLAL [6] is largely defined by the good produc-
tivity and process-stability of this technique [7,8], combined with
its ability to produce stable contamination-free colloidal solutions
of nanoparticles suitable for applications in various fields, includ-
ing biomedicine [9,10], chemical catalysis [11-14], and plasmonics
[15,16].

The characteristics of nanoparticles synthesized by PLAL can be
affected by the choice of the liquid medium [17-19], its tempera-
ture [20], as well as the introduction of organic ligands [21-24] or
inorganic salts [25] into the liquid environment. Post irradiation of
colloidal solutions of nanoparticles produced by PLAL has been
demonstrated to be an effective way to further modify the size,
shape and composition of the nanoparticles through laser induced
melting, evaporation, and fragmentation in liquids [26-30]. More-
over, the highly nonequilibrium conditions created by the interac-
tion of the ablation plume with liquid environment can result in
the formation of nanoparticles with unusual structure, shape, and
composition, such as nanocubes [31], hollow spheroids [32,33],
patch-joint football-like AgGe microspheres [34], and diamond
nanocrystallites produced by laser ablation of graphite [35].

Further optimization of experimental parameters in PLAL for
the efficient generation of nanoparticles with structures, composi-
tions, and size distributions fine-tuned to the needs of practical
applications can be facilitated by improved physical understanding
of the involved processes. Despite the continuous advancements in
the application of PLAL for production of nanoparticles for an
increasingly wide range of material systems [36-40] and targeted
experimental studies aimed at reveling the key processes responsi-
ble for the nanoparticle generation [41-47], the fundamental
mechanisms of the nanoparticle formation by laser ablation in liq-
uids are still not fully understood.

The general picture of laser ablation in liquids is very different
from the one in vacuum. The ablation plume does not expand
freely but is confined by the liquid environment. The liquid in con-
tact with the plume is quickly heated and vaporized to form a thin
layer of vapor surrounding the plume. This thin vapor layer can be
directly observed via shadowgraphy [42] or X-ray radiography [45]
as a dark zone surrounding the plume. The supply of heat from the
plume creates and supports high temperature and pressure condi-
tions in the vapor layer, and drives the expansion of the layer. The
expansion of the vapor layer away from the target leads to the for-
mation of a cavitation bubble, while the pressure it exerts in the
opposite direction pushes against the ablation plume and sup-
presses its expansion.

Currently, an accepted view is that the ablated material is likely
to be confined and trapped inside the cavitation bubble, where
favorable pressure and temperature conditions for nanoparticle
nucleation, growth, coalescence, and solidification are realized
[41,48]. This general scenario, however, cannot be directly verified
and detailed with conventional optical methods, since an optically
dense interface between the liquid and the cavitation bubble
blocks the view of the processes occurring inside the bubble.

Recently, the novel use of small angle X-ray scattering (SAXS)
was demonstrated to be capable of relating the cavitation bubble
dynamics to nanoparticle growth [43-45]. In-situ SAXS can be used
to scan different positions in the bubble with different time delays,
thus enabling mapping of the nanoparticle size distribution with
respect to the time and position inside the bubble [43-45].

Signals yielded by SAXS have revealed two distinct nanoparticle
size populations in the cavitation bubble: the “primary particles,”
with size distribution centered around 8-10 nm, and “secondary
particles,” with sizes around 50 nm. The primary particles are
detected at the early stage of the first bubble expansion and are
likely to be directly ejected from the irradiated target or formed
during the first nanosecond of the plume expansion, which is cur-
rently beyond the temporal resolution of SAXS. Higher density of
primary particles is detected near the bottom of the bubble, and
their abundance decays toward the top of the bubble. Some of
the primary particles are detected in the liquid outside the cavita-
tion bubble, suggesting that the initial fast plume expansion causes
injection of vaporized atoms into the liquid followed by the forma-
tion of nanoparticles at a later stage. The signal from the secondary
particles is weak during the first cycle of the bubble expansion and
collapse but becomes stronger after the rebound. The secondary
particles are speculated to form due to the agglomeration of pri-
mary particles during the bubble collapse, when the primary par-
ticles are forced to collide with each other due to the sudden
volume contraction. The sizes of the secondary particles are found
to be highly variable, with rapid changes observed in the course of
the bubble dynamics, suggesting that these “particles” may not be
compact objects, but some forms of loose networks of molten
material or nanoparticle agglomerates.

While the SAXS data provides first hand quantitative insights
into the nanoparticle generation in PLAL, other approaches are
needed to fully capture the nanoparticle generation mechanisms.
In particular, the atomic clusters and nanoparticles smaller than
5nm cannot be detected with SAXS but may be responsible for
the nanoparticle nucleation and growth in the ablation process,
as well as for the slower long-term growth and coarsening of
nanoparticles in the colloidal solutions generated by PLAL
[49,50]. One needs to push beyond the current SAXS limits on
the particle sizes and temporal/spatial resolution to observe the
ablation phenomena in more details. Moreover, there is a need to
resolve the thermodynamic states in the plume confined in the
cavitation bubble to enable reliable theoretical description of PLAL.

The complexity and highly nonequilibrium nature of processes
involved in PLAL has been preventing a rigorous theoretical treat-
ment of nanoparticle formation in liquids As a result, the theoret-
ical analysis of the nanoparticle formation by laser ablation in
liquids [51] has been largely based on semi-quantitative models
that adopt the concepts developed for the plume expansion in a
background gas to the much stronger confinement by a liquid envi-
ronment, and describe the nanoparticle formation as a process of
coalescence of clusters in a supersaturated solution formed by
mixing of the ablation plume and the liquid. The analysis in this
case relies on assumptions of the initial cluster size distribution
in the solution, the temperature evolution in the plume-liquid
mixing region, the thickness of the mixing region, and other

parameters.
The difficulties of the theoretical analysis are shared by
continuum-level computational approaches, where realistic
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modeling of phase transformations occurring under highly
nonequilibrium conditions represents a daunting challenge. First
hydrodynamic simulations of PLAL [52,53] adopt a simplified
representation of water environment as a thermally insulating,
non-mixable (impenetrable for the ablation plume) overlayer
described by a single-phase equation of state. The highly simplified
representation of the water environment prevents the realistic
description of some of the key processes, such as the formation
of a layer of water vapor driving the expansion of the cavitation
bubble, water-metal mixing and rapid cooling of the metal species
in the mixing region. Moreover, the 1D nature of the model does
not allow for direct simulation of the nanoparticle generation.
Nevertheless, the results of the first hydrodynamic simulations
have provided important insights into the evolution of thermody-
namic conditions and phase decomposition at the early stage
of PLAL.

Under conditions when theoretical description and continuum-
level modeling of PLAL are hindered by the complexity and highly
nonequilibrium nature of laser-induced processes, the molecular
dynamics (MD) computer simulation technique [54,55] can serve
as a useful alternative approach, capable of providing atomic-
level insights into the laser-induced processes. The main advantage
of the MD technique is that no assumptions are made on the pro-
cesses or mechanisms under study. The only input in the MD
model is the interatomic interaction potential that fully defines
the structure and thermodynamic properties of the material. The
MD technique has indeed been successfully applied to simulations
of laser melting, spallation, and ablation of molecular systems,
metals, and semiconductors in vacuum, as reviewed in Refs. [56-
59]. There have been no MD simulations of PLAL, however,
attempted so far. The high computational cost of the atomistic rep-
resentation of both the target material and liquid environment
combined with the relatively large time- and length-scales of pro-
cesses responsible for the nanoparticle generation in PLAL have
been discouraging the application of the MD technique to simula-
tion of laser-materials interactions in liquid environment.

In this paper, we report the results of the first MD simulations
aimed at revealing the nanoparticle formation mechanisms in
PLAL. The target in the simulations of laser ablation is a thin Ag film
deposited on a transparent silica substrate. The use of the thin film
rather than bulk metal targets, commonly used for nanoparticle
production in PLAL, is allowing us to perform the initial exploration
of the effects of the ablation plume confinement by liquid environ-
ment and nanoparticle formation mechanisms at a reduced com-
putational cost. Moreover, the analysis of the role of the spatial
confinement of the deposited laser energy within a thin
metal film may provide ideas for achieving a more precise control
over the size distribution of nanoparticles generated in PLAL
[60,61]. The simulations are enabled by the development of a
computationally-efficient coarse-grained representation of liquid
environment combined with the acoustic impedance matching
boundary conditions that allow us to focus the computational
efforts on the part of the system where the active processes of laser
ablation, metal-liquid mixing, and nanoparticle formation take
place. The computational model and its parametrization for simu-
lation of laser ablation of a thin Ag film in water environment are
described below, in Section 2. The results of large-scale MD simu-
lations performed at two laser fluences and the implications of the
computational predictions for interpretation of the experimental
data on the nanoparticle formation in PLAL are presented in Sec-
tion 3 and summarized in Section 4.

2. Computational model for MD simulation of PLAL

The simulations reported in this paper are performed with a
hybrid computational model combining a coarse-grained

representation of liquid (parameterized for water), a fully atomistic
description of laser interactions with metal targets, and acoustic
impedance matching boundary conditions designed to mimic the
non-reflecting propagation of laser-induced pressure waves
through the boundaries of the computational domain. A schematic
representation of the computational system is shown in Fig. 1. The
simulations are performed for a thin Ag film deposited on a trans-
parent silica substrate, covered by water, and irradiated by a fem-
tosecond laser pulse from the side of the transparent substrate. A
brief description of the main components of the computational
model as well as details of the computational setup are provided
below.

2.1. TTM-MD model for laser interactions with metals

The laser interaction with the metal film is simulated with
a hybrid atomistic-continuum model [62-65] that combines
the classical molecular dynamics (MD) method with two-
temperature model (TTM) [66]. The TTM describes the evolution
of lattice and electron temperatures in metals by two coupled non-
linear differential equations that account for the laser excitation of
the conduction band electrons, energy exchange between the elec-
trons and atomic vibrations due to the electron-phonon coupling,
and electron heat conduction. In the combined TTM-MD model,
MD substitutes the TTM equation for the lattice temperature, the
cells of the three-dimensional (3D) finite difference discretization
grid used in the solution of the TTM equation for the electron
temperature are mapped to the corresponding volumes of the
MD system, and the local lattice temperature is defined for each
cell from the average kinetic energy of thermal motion of atoms.
The electron temperature enters a coupling term added to the

water LW
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Fig. 1. Schematic representation of the computational setup for simulation of short
pulse laser interaction with a thin silver film in water deposited on a transparent
silica substrate. The grey rectangular parallelepiped shows the initial location of the
silver film represented by the TTM-MD model. The blue rectangular parallelepiped
shows the initial location of the water represented by the coarse-grained MD
model. The initial dimensions of the TTM-MD and coarse-grained MD parts of the
system are L, =L, =100 nm, L¥ =20 nm, and L! = 300 nm. The elastic response of
the substrate and the non-reflecting propagation of the laser-induced pressure
wave in water environment are represented by acoustic impedance matching
boundary conditions applied at the substrate-film interface and at the top of the
coarse-grained MD part of the system. The laser pulse is directed from the bottom
of the figure, through the transparent substrate. Periodic boundary conditions are
applied in the lateral directions, perpendicular to the surface normal of the film.
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MD equations of motion to account for the energy exchange
between the electrons and the lattice [62]. Note that, following
the terminology established in the literature presenting TTM calcu-
lations, the term “lattice temperature” does not imply the preser-
vation of the crystalline order in the irradiated material but is
simply used here to refer to the temperature of the ionic subsystem
that is brought out of equilibrium with the conduction-band elec-
trons. A complete description of the TTM-MD model is provided
elsewhere [62], and below we only describe the parameters of
the model used in the simulations reported in this paper.

The interatomic interactions in the MD part of the model are
described by the embedded atom method (EAM) potential with
the functional form and parameterization developed in Ref. [67].
A cut-off function suggested in Ref. [68] is added to the potential
to smoothly bring the interaction energies and forces to zero at
interatomic distance of 5.5 A. Although the potential is fitted to
low-temperature values of the equilibrium lattice constant, subli-
mation energy, elastic constants, and vacancy formation energy,
it also provides a good description of high-temperature thermody-
namic properties of Ag [69] relevant to the simulation of laser-
induced processes. In particular, the equilibrium melting tempera-
ture, Tp,, determined in liquid-crystal coexistence simulations, is
1139+ 2K [70], about 8% below the experimental values of
1235 K [71]. The threshold temperature for the onset of the explo-
sive phase separation into liquid and vapor, T*, determined in sim-
ulations of slow heating of a metastable liquid, is found to be
~3450K at zero pressure and ~4850 K at 0.5 GPa [72]. The onset
of the phase explosion can be expected at 10% below the critical
temperature [73-75] and the values of T* calculated for the EAM
Ag material are not in conflict with the wide range of experimental
values of the critical temperature of Ag spanning from 4300 K to
7500K [76].

The electron temperature dependences of the thermophysical
material properties included in the TTM equation for the electron
temperature (electron-phonon coupling factor and electron heat
capacity) are taken in the forms that account for the thermal exci-
tation from the electron states below the Fermi level [77]. The elec-
tron thermal conductivity is described by the Drude model
relationship, K.(T., T;) = v2Co(T)t(T., T;)/3, where Co(T,) is the elec-
tron heat capacity, ¢# is the mean square velocity of the electrons
contributing to the electron heat conductivity, approximated in
this work as the Fermi velocity squared, 22, and t¢(T,, T;) is the total
electron scattering time defined by the electron-electron and
electron-phonon scattering rates, 1/t.=1/Tee * 1/Tepn =AT? + BT,
The value of the coefficient A, 3.57 x 10°s™' K2, is estimated
within the free electron model, following the approach suggested
in [78]. The value of the coefficient B, 1.12 x 10" s 1K' is
obtained from the experimental value of the thermal conductivity
of solid Ag at the melting temperature, 363 Wm~! K~! [79].

The implementation of the model used in this work does not
account for ionization of the ejected plume, as simple estimations
based on the Saha-Eggert equation [80,81] suggest that the degree
of ionization in the ablation plume is negligible under irradiation
conditions applied in the simulations reported in this paper. As a
result, the nanoparticle formation through nucleation around ion
seeds in “misty plasma” considered for high fluence nanosecond
PLAL [48,82] is not relevant to the milder irradiation conditions
and short pulses considered in the present work.

2.2. Coarse-grained MD representation of liquid environment

The direct application of the conventional all-atom MD repre-
sentation of liquids in large-scale simulations of laser processing
or ablation is not feasible due to the high computational cost. Thus,
a coarse-grained representation of the liquid environment [56,83],
where each particle represents several molecules, is adapted in this

work. The coarse-graining reduces the number of degrees of free-
dom that have to be treated in the MD simulations and signifi-
cantly increases the time and length scales accessible for the
simulations. At the same time, however, the smaller number of
the dynamic degrees of freedom results in a severe underestima-
tion of the heat capacity of the liquid. To resolve this problem,
the degrees of freedom that are missing in the coarse-grained
model are accounted for through a heat bath approach that associ-
ates an internal energy variable with each coarse-grained particle
[84-86]. The energy exchange between the internal (implicit)
and dynamic (explicit) degrees of freedom are controlled by the
dynamic coupling between the translational degrees of freedom
and the vibrational (breathing) mode associated with each
coarse-grained particle (the particles are allowed to change their
radii, or to “breath” [83,86]). The energy exchange is implemented
through a damping force applied to the breathing mode, which
connects it to the energy bath with capacity chosen to reproduce
the real heat capacity of the group of atoms represented by each
coarse-grained particle. Effectively, the breathing mode serves as
a “gate” for accessing the energy stored in the molecular heat bath.

The first implementation of the coarse-grained model with the
heat bath approach was recently developed for water and applied
to simulations of laser interactions with water-lysozyme system
[86]. Each coarse grained particle in the model has a mass of
50 Da and represents about three real water molecules. The poten-
tial describing the inter-particle interactions is provided in Ref.
[86], and the parameters of the potential are selected to ensure a
satisfactory semi-quantitative description of experimental proper-
ties of water. While one cannot expect the coarse-grained model to
provide an accurate representation of all the structural and ther-
modynamic properties of water, the key physical properties pre-
dicted by the model, such as density, speed of sound, bulk
modulus, viscosity, surface energy, melting temperature, critical
temperature, and critical density, are found to not deviate from
the experimental values by more than 25%, as can be seen from
Table 1. The room temperature density, p, and heat capacity, c,,
are fitted exactly through the selection of the equilibrium inter-
particle distance and the capacity of the heat bath associated with
each coarse-grained particle. The bulk modulus, K, is calculated
from the pressure-volume dependence obtained in MD simula-
tions, and the speed of sound, c;, is evaluated from the values of
K and p. The melting temperature of the coarse-grained “water”,
T, is determined in a liquid-crystal coexistence simulation and
is about 21% higher than the experimental value. The critical tem-
perature and density, T, and p., are extrapolated from the results of
constant-temperature and constant-pressure liquid-gas coexis-
tence simulation from 300 to 500 K following the method of Ref.
[87]. Note that the critical temperature listed in Table 1 is slightly
lower than the value roughly estimated from the threshold tem-
perature for the phase explosion and provided in Ref. [86]. Thermal

Table 1

Properties of the coarse-grained model parametrized for water and the corresponding
experimental values. The values of p, ¢, K, ¢, k, 17, and 7 are listed for a temperature of
300 K. The experimental values are from Ref. [71].

Properties of water Experiment CG model A%
Density, p (g/cm?®) 1.0 1.0 0
Heat capacity, ¢, (J/(kg K)) 42 % 10° 42 x10° 0
Bulk modulus, K (GPa) 2.2 1.8 18
Speed of sound, ¢; (m/s) 1483 1342 9
Melting temperature, T, (K) 273 330 21
Critical temperature, T, (K) 647 520 20
Critical density, p. (g/cm?) 0.322 0.398 24
Thermal conductivity, k (W/(m K)) 0.6 0.13 78
Viscosity, 1 (cP) 0.894 0910 2
Surface energy, 7 (J/m?) 0.072 0.073 1
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conductivity, k, is evaluated by fitting the evolution of the temper-
ature profiles in an elongated MD system with a heat source
applied in the middle to the solution of the heat diffusion equation.
The dynamic viscosity, M, is calculated with the Stoke-Einstein
equation, using the values of the self-diffusion coefficient evalu-
ated from the time dependence of the mean square displacement
of coarse-grained particles in a MD simulation performed at
300 K. Finally, the surface energy, 7, is obtained based on the
results of a liquid-gas coexistence simulation performed at 300 K.

The interactions between Ag atoms and the coarse-grained
water particles are described by the Lennard-Jones (L]) potential
with the following length and energy parameters: ¢ =1.92 A and
¢=0.145 eV. The parameters are fitted to match the diffusion of
metal atoms and small clusters in water predicted by the Stoke-
Einstein equation at 300K and calculated in constant-
temperature and constant-volume MD simulations. Furthermore,
the values of ¢ and ¢ are chosen to ensure that the values of the
equilibrium O-Ag distance and the adsorption energy of water on
a Ag surface predicted in ab initio simulations [88-91] are roughly
reproduced in the coarse-grained model. Note that, while it is pos-
sible to incorporate the description of chemical reactions into the
framework of coarse-grained MD model [56,92,93], we have not
included oxidation or other chemical reactions [94] in the version
of the model used in the present study.

2.3. Computational setup and simulation parameters

The simulations are performed for a 20 nm Ag film deposited on
a transparent silica substrate and covered by water, as shown in
Fig. 1. The initial film has fcc crystal structure and (0 0 1) orienta-
tion of the free surface. The periodic boundary conditions are
applied in the directions parallel to the surface of the film, and
the dimensions of the computational system in these directions
are 100 nm x 100 nm.

The silica substrate is not represented with atomic resolution
but introduced through a dynamic acoustic impedance matching
boundary condition that accounts for the displacement of the
metal-substrate interface in response to the thermal expansion
and phase transformations occurring in the metal film. This bound-
ary condition is designed to reproduce the work of adhesion
between the silica substrate and Ag film and to ensure the transfor-
mation of a part of the energy deposited by the laser pulse into the
energy of a pressure wave generated in the substrate. The details of
the implementation and parametrization of the boundary condi-
tion are described in Ref. [72].

The water environment above the Ag film is represented by a
combination of the coarse-grained MD model described above, in
Section 2.2, and a dynamic acoustic impedance matching boundary
condition [72,95,96] that ensures non-reflective propagation of the
pressure wave generated at the metal-water interface into the bulk
of the water environment. This boundary condition is suitable for
simulation of experimental conditions where reflection of the pres-
sure wave from the surface of a thick water overlayer does not play
any significant role in the generation of nanoparticles. The coarse-
grained MD representation is used in a 300-nm-thick region of the
water environment adjacent to the Ag film, and the dynamic
boundary condition is applied at the top of this region.

The computational system consists of 11.3 million Ag atoms
and 36.1 million coarse-grained particles representing the water
environment. The system is equilibrated at 300 K for 200 ps before
applying laser irradiation. The simulations are performed with a
computationally-efficient parallel code implementing the com-
bined TTM-MD - coarse-grained MD model.

The irradiation of the target with a 40 fs laser pulse is repre-
sented through a source term added to the equation for the elec-
tron temperature [62]. The source term simulates excitation of

the conduction band electrons by a laser pulse with a Gaussian
temporal profile and reproduces the exponential attenuation of
laser intensity with depth under the surface. The optical absorption
depth, 12 nm at laser wavelength of 800 nm [97], combined with
the effective depth of the “ballistic” energy transport, estimated
to be about 56 nm for Ag [65,72], is used in the source term of
the TTM equation [62,98]. Since the ballistic range in Au exceeds
the thickness of the films considered in this work, 20 nm, the
reflection of the ballistic electrons from the back surface of the film
results in a uniform distribution of the electronic temperature
established on the time scale of electron thermalization. The effect
of the finite size of the film is accounted for in the source term
describing the laser irradiation [62,98]. The reflectivity of the sur-
face is not defined in the model since the absorbed laser fluence
rather than the incident fluence is used in the presentation of the
simulation results.

3. Results and discussion

In this section, we report the results of two large-scale MD sim-
ulations of laser ablation of thin Ag films in liquid environment.
Series of snapshots of atomic configurations generated in the
course of the MD simulations are supplemented by the analysis
of the evolution of thermodynamic parameters in response to the
laser energy deposition and are used in the discussion of the char-
acteristic features of laser ablation in liquids in Sections 3.1 and
3.2. The distinct mechanisms of the nanoparticle formation in PLAL
revealed in the simulations and the connections between the com-
putational predictions and experimental observations are dis-
cussed in Section 3.3.

3.1. Visual picture of laser ablation in liquid

The simulations discussed in this section are performed for a
20 nm Ag film irradiated at absorbed laser fluences of 400 and
700 J/m?. For irradiation in vacuum [99], these fluences correspond
to the regime of phase explosion [63,64,72-75], when the entire Ag
film undergoes an explosive decomposition into liquid droplets
and vapor. The threshold for the phase explosion in vacuum is
determined to be 310 J/m? for a 20 nm Ag film in a separate series
of simulations. To provide a reference for the analysis of the effect
of liquid environment on the ablation dynamics, snapshots of
atomic configurations and a density contour plot are shown in
Fig. 2 for a simulation performed for a 20 nm Ag film irradiated
at an absorbed fluence of 360 J/m? in vacuum. At this fluence, the
laser excitation and rapid equilibration between the excited elec-
trons and lattice vibrations (electron-phonon coupling [77]) over-
heats the film material above the limit of its thermodynamic
stability [73-75], leading to an explosive release of vapor and ejec-
tion of a mixture of vapor and small liquid droplets. The ejected
vapor-droplet mixture quickly expands away from the substrate,
as can be seen from the snapshots in Fig. 2a and the rapidly drop-
ping density in Fig. 2b.

The dynamics of the ablation plume expansion is strongly
altered by the presence of the liquid environment, as can be seen
from Figs. 3 and 4, where two series of snapshots of atomic config-
urations produced in the simulations of PLAL are presented along
with normalized density distributions plotted for both silver and
water. Even though the absorbed laser fluences in these simula-
tions are higher than that in the simulation illustrated by Fig. 2,
the expansion of the hot mixture of vapor and liquid droplets gen-
erated in the phase explosion of the superheated Ag film is meeting
a stiff resistance from the water environment and is largely sup-
pressed. While the expansion is stronger at 700 J/m?, in both sim-
ulations the products of the film decomposition are rapidly
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Fig. 2. Snapshots of atomic configurations (a) and density contour plot (b) obtained
in a MD simulation of laser ablation of a 20 nm Ag film in vacuum irradiated by a
40 fs laser pulse at an absorbed fluence of 360 J/m?. The transparent silica substrate
is represented in (a) by the grey rectangular parallelepiped. The Ag atoms are
colored by their potential energies, so that the green atoms belong to liquid droplets
and the red ones are the vapor-phase atoms. The density in (b) is normalized by the
initial density of solid silver at 300 K, pgg.

decelerating and remain confined within hundreds of nanometers
from the substrate during the first nanoseconds after the laser
irradiation.

The inspection of the density profiles plotted to the right from
the snapshots in Figs. 3 and 4 reveals the formation of a dense front
of the Ag plume near the interface with water by the time of
200 ps, with a sharper density peak observed in the simulation per-
formed at a lower fluence of 400 J/m?2. The density values in the
layers at the front of the expanding plume correspond to a strongly
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superheated liquid metal that can be expected to exhibit a limited
stability as it interacts with compressed water layer. Indeed, the
snapshots from the simulations show that the morphologies of
the dense superheated layers (green layers in Figs. 3 and 4)
undergo continuous evolution throughout the simulations. The
fine roughness of the top surfaces of the layers exposed to the
water environment can be seen already at 200 ps and is particu-
larly pronounced in the simulation performed at the higher flu-
ence, Fig. 4. The interfacial structures coarsen and decompose
into large liquid regions on the timescale of nanoseconds. The
important implications of the liquid layer decomposition for the
nanoparticle formation are discussed in Section 3.3.

Another prominent process that plays an important role in the
nanoparticle generation and, as discussed in Section 3.2, can be
related to experimental observations of large, micrometers to mil-
limeters, bubbles in PLAL [37,44-48], is the appearance and growth
of a low-density Ag-water mixing region at the interface between
the dense layer of the superheated liquid metal and the water envi-
ronment. While in both simulations the initial fronts of the density
profiles are relatively sharp and the metal-water mixing region
does not exceed 30 nm at 200 ps, the mixing region steadily
expands with time and reaches the thickness of about 100 nm by
the time of 3 ns after the laser pulse. As discussed below, the
expansion of the mixing region is driven by the rapid heating
and vaporization of water that is brought in contact with the hot
mixture of metal vapor, clusters, and droplets produced by the
explosive decomposition of the irradiated film. The thermody-
namic conditions in the mixing region are highly susceptible to
the nucleation and growth of metal clusters and nanoparticles,
which is clearly reflected in the snapshots, where a large number
of clusters and small nanoparticles can be seen to emerge in the
mixing region on the timescale of just a couple of nanoseconds.

3.2. Evolution of thermodynamic parameters

The analysis of the visual picture of the ablation process can be
supplemented by consideration of the evolution of density, tem-
perature, pressure, and collective velocity in the direction away
from the substrate, shown in the form of contour plots in Figs. 5
and 6. The initial rapid expansion of the irradiated film undergoing
an explosive decomposition into vapor and small droplets, the for-
mation of a dense layer of hot metal plume pushing against the
water environment, as well as the appearance and expansion of a
low-density metal-water mixing region are the common features
of the two simulations that can be seen in the contour plots. To
facilitate the analysis, several distinct regions can be identified in
the contour plots based on the evolving distributions of Ag and
water. These regions are labeled in the density contour plots,
Figs. 5a and 6a, and are defined and discussed below.

The first region is a low density region that appears in the vicin-
ity of the silica substrate as a result of the rapid expansion of the
metal film undergoing the phase explosion. It is defined as a region
where the density of the products of the explosive film decompo-
sition (a mixture of Ag vapor, atomic clusters, and small droplets)
is below 20% of the initial density of the metal film. The second
region is a dense part of the ablation plume that is generated
due to the confinement of the plume expansion by the water envi-
ronment. The interaction of this dense layer with water results in
the formation of a complex protruding morphology of the top sur-
face of the dense layer that can be seen in the snapshots in Figs. 3
and 4. The layer, therefore, can be subdivided into a more compact/
uniform part (region 2) and a “terrain” region (region 3) where the
liquid metal protrusions and large droplets are surrounded by
supercritical water. The boundary between the second and third
regions is defined as the location where the concentration of
water exceeds 0.5 wt.% in the simulation performed at a fluence
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Fig. 3. Snapshots of atomic configurations obtained in a MD simulation of laser ablation of a 20 nm Ag film in water. The film is irradiated by a 40 fs laser pulse at an absorbed
fluence of 400 J/m?. The transparent silica substrate is represented by the grey rectangular parallelepiped. A 200-nm-wide region above the substrate is shown in the
snapshots. The Ag atoms are colored by their potential energies, in the range from —2.5 to —1.5 eV, so that the blue atoms belong to solidified nanoparticles and the red ones
are the vapor-phase atoms. The water molecules are blanked to expose the nanoparticle formation, and the presence of water is shown schematically by the blue background.
The degree of water-silver mixing is illustrated by density plots shown as functions of distance from the substrate for both water and silver on the right sides of the snapshots.
The values of the water and silver densities in these plots are normalized by the initial densities of liquid water and solid silver at 300 K, p¥ and p‘;‘g respectively.

of 400 J/m? and 5 wt.% in the one performed at 700 J/m?. The upper
boundary of the terrain region is also defined by the water concen-
tration and corresponds to 5 and 24 wt.% water in the lower and
higher fluence simulations, respectively. The different thresholds
used for identification of the second and third regions in the two
simulations are chosen to match the visual identification of the
“compact” and “terrain” parts of the dense metal layer from the
simulation snapshots, Figs. 3 and 4, and are reflecting the stronger
penetration of water into the layer at the higher fluence.

Above the “terrain” region, we observe an expanding low-
density region (region 4 in the contour plots) where Ag atoms,
clusters, and nanoparticles are suspended in water that is brought
to the supercritical state by the interaction with the hot metal
plume. The density of water in the lower part of this region is
below 0.1 and 0.2 g/cm? in the simulations performed at 400 J/
m? and 700 J/m?, respectively, and the boundaries of the region
are defined so that the concentration of water is ranging from 5
to 98 wt.% at 400 J/m?, and from 24 to 98 wt.% at 700 J/m?. Finally,
the fifth region is defined as a water region where the concentra-
tion of Ag is below 2 wt.% and the water remains close to its initial
density of 1 g/cm®.

The most distinctive difference between the evolutions of dif-
ferent regions in the two simulations reported in this paper is
the dynamics of the dense Ag layer formed at the interface with
the water environment (regions 2 and 3). At a lower fluence of
400 J/m?, the dense liquid layer starts to drop down after 500 ps
and redeposits to the substrate at ~1150 ps. At a higher fluence
of 700 J/m?, the molten layer is also decelerated due to the resis-
tance of the water environment but continues to float above the
substrate on the timescale of the simulation. The difference in

the layer dynamics can be explained by considering the difference
in the thermodynamic conditions in the regions immediately adja-
cent to the superheated liquid layer, i.e., in regions 1 and 4. As can
be seen from the temperature contour plots, the levels of temper-
ature and pressure in region 1 are substantially higher in the sim-
ulation performed at the higher fluence (note the difference in
scales used for temperature and pressure in Figs. 5 and 6). As a
result, the force exerted on the layer from the expanding region
1 is weaker in the lower fluence simulation and is quickly exceeded
by the counterforce applied on the layer from region 4, where the
expansion of heated supercritical water is fueled by the rapid
energy transfer from the hot metal plume. The expanding Ag-
water mixing region is able in this case to push the dense front
of the plume down to the substrate while simultaneously pushing
the overlaying water region in the upward direction. At a higher
fluence of 700 J/m?, a similar downward push from the emerging
Ag-water mixing region meets stiffer resistance from the underly-
ing gaseous region 1, where the emission and reflection of a com-
pressive wave can be seen in the pressure and velocity contour
plots shown in Fig. 6¢c and d. As a result, the position of the layer
undergoes a series of weak oscillations while floating above the
silica substrate.

3.3. Nanoparticle formation mechanisms

The results of the simulations discussed above make it possible
to identify two distinct mechanisms of nanoparticle formation in
laser ablation of metals in water environment. Both mechanisms
are activated by the formation of the dense layer of superheated
liquid metal at the water-plume interface at the early stage of
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Fig. 4. Snapshots of atomic configurations obtained in a MD simulation of laser ablation of a 20 nm Ag film in water. The film is irradiated by a 40 fs laser pulse at an absorbed
fluence of 700 J/m? The transparent silica substrate is represented by the grey rectangular parallelepiped. A 350-nm-wide region above the substrate is shown in the
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are the vapor-phase atoms. The water molecules are blanked to expose the nanoparticle formation, and the presence of water is shown schematically by the blue background.
The degree of water-silver mixing is illustrated by density plots shown as functions of distance from the substrate for both water and silver on the right sides of the snapshots.
The values of the water and silver densities in these plots are normalized by the initial densities of liquid water and solid silver at 300 K, p¥ and pgg, respectively.

the ablation plume expansion. The interaction of water with the
hot metal layer brings an interfacial region of water to the super-
critical state and results in the formation of a low density metal-
water mixing region that rapidly expands and serves as a precursor
for the formation of cavitation bubble at a later time. As the evap-
oration provides the main pathway for the hot molten layer to cool
down, the layer serves as a continuous source of metal vapor sup-
plied to the mixing region. The conditions in the mixing region are
highly susceptible to the condensation of metal atoms into clusters
and rapid growth of the atomic clusters into nanoparticles. Indeed,
it can be seen from the contour plots in Figs. 5b and 6b that the
average temperature in the mixing regions, while staying above
the critical temperature of water, is close to and, in the upper part,
even below the melting temperature of Ag. The rapid nucleation
and growth of the nanoparticles is initiated on a very short time-
scale of just a few nanoseconds after the laser irradiation and is
directly observed in the MD simulations. This constitutes the first
nanoparticle generation mechanism predicted in the simulations,

and further analysis of the kinetics of the nanoparticle formation
through this mechanism is provided below.

The analysis of the evolution of sizes of the metal clusters and
nanoparticles in the mixing region is performed with a cluster
identification algorithm applied to atomic configurations gener-
ated in the two simulations between 300 ps and 3000 ps, with
100 ps intervals. Only the clusters detected above the molten layer
(regions 3 and 4) are considered in the analysis, since these are the
clusters that contribute to the generation of nanoparticles in the
mixing region. The results of the analysis are presented in
Figs. 7a and 7b, where the cumulative numbers of Ag atoms pre-
sent above the molten layer as individual atoms and small atomic
clusters with diameter below 1 nm (less than 30 atoms) are shown
separately from the larger clusters that we denote as nanoparticles.
Although the total number of atoms in the mixing region is steadily
rising due to the evaporation from the superheated molten metal
layer, the number of individual atoms and small atomic clusters
saturates in both simulations, Figs. 7a and 7b. This reflects the high
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nanoparticles form through condensation from rapidly cooled Ag vapor, and region 5 is liquid water. The quantitative criteria used for identification of the regions are

explained in the test.

rate of the nanoparticle growth that depletes the population of
atoms and clusters faster than they are resupplied by the layer
evaporation.

The evolution of the abundance of nanoparticles of different
sizes is shown in Figs. 7c and 7d. The populations of nanoparticles
with diameters less than 6 nm seem to plateau and even show
signs of decline in the lower fluence simulation, Fig. 7c, as the
smaller nanoparticles grow and coalesce into the larger ones.
Indeed, the larger nanoparticles keep up the trend of cumulative
number of atoms in the mixing region growing when the abun-
dance of smaller nanoparticles goes flat. As can be seen from the
snapshots in Figs. 3 and 4, the larger nanoparticles are mostly
found closer to the molten layer, where the higher density of atoms
and other nanoparticles leads to the faster growth and higher prob-
ability of nanoparticle coalescence. Overall, the nanoparticle size
distribution shifts to larger sizes as time progresses and nanopar-
ticles grow and coalesce. The growth of the nanoparticles and
broadening of the size distributions is further visualized by plot-
ting the histograms of the amount of material contained in
nanoparticles of different sizes at three moments of time, 1, 2,
and 3 ns after the laser pulse, Figs. 7e and 7f.

While the simulation performed at a fluence of 700 J/m? is char-
acterized by a stronger plume expansion, the subsequent vapor
and clusters growth above the molten layer is substantially slower
than that at 400 J/m?2. This observation can be related to the addi-
tional contribution to the rapid expansion of the mixing region

coming in the lower fluence simulation from the downward
motion and redeposition of the liquid layer. The wider mixing
region facilitates the evaporation of the liquid layer that produces
more than twice higher total number of Ag atoms as compared to
the simulation performed at 700 J/m?, Figs. 7a and 7b. At the same
time, the mixing region generated at a fluence of 700 J/m? has a
pressure of 0.064 GPa at the end of simulation, as compared
0.025 GPa in the same region in the lower fluence simulation.
The difference in the values of pressure indicate that further
expansion is likely to be more extensive at the higher fluence,
which may lead to a higher final nanoparticle yield.

One important aspect of the nanoparticle generation mecha-
nism predicted in the simulations is the rapid quenching of the
metal vapor ejected into the water-metal mixing region. While
the interaction between the hot metal vapor and water brings
the water to the supercritical state, the same interaction cools
the metal vapor and nanoparticles down to the temperature that
can be sufficiently low to cause solidification of the nanoparticles.
As one can observe from Figs. 3 and 4, the nanoparticles in the top
part of the mixing region are colored blue, indicating the low level
of potential energy. To clearly show the temperature of the
nanoparticles generated by the end of the simulations, the final
snapshots colored by local temperature are provided in Fig. 8.
While the nanoparticles located closer to the superheated liquid
layer are green and have temperatures that are about twice the
melting temperature of Ag, marked as T,, in the temperature scale,
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explained in the test.

the small blue nanoparticles in the top part of the mixing region
are already below T;,, and can be expected to be solid. Indeed, the
enlarged views of two representative “blue” nanoparticles shown
in Fig. 8 clearly demonstrate their (poly)crystalline structure.
While the observation of the crystalline structure of Ag nanoparti-
cles generated in the simulations is consistent with experimental
results reported for PLAL of Ag targets [100], the surprising predic-
tion of the simulations is that the cooling of the metal vapor
injected into the mixing region from the phase explosion temper-
ature generated in the Ag film by the laser excitation down to the
melting temperature of Ag takes less than 3 ns, resulting in an
effective cooling rate on the order of 10'? K/s and producing solid
nanoparticles at the very early stage of the ablation process. The
ultrafast growth and quenching rates may result in the generation
of nanoparticles with highly nonequilibrium metastable structures
and phases.

The second mechanism of the nanoparticle generation that can be
inferred from the simulation results is the disintegration of the
superheated liquid layer itself, which can directly yield much lar-
ger, on the order of tens of nanometers, nanoparticles. While the
timescale of the complete breakup of the liquid layer exceeds the
timescales accessible to MD simulations, the first manifestation
of this nanoparticle generation mechanism can be observed in
the simulation snapshots, Figs. 3 and 4, where the morphology of
the “terrain” region at the vapor-plume interface is gradually

evolving towards the formation of individual large droplets.
Indeed, the first droplet produced through this mechanism can
already be observed in the last snapshot shown in Fig. 4. Although
the temperature of this droplet, which consists of 354,455 atoms
and has diameter of 22.8 nm, is more than twice the melting tem-
perature of Ag at the time of its separation from the liquid layer
(see Fig. 8), the rapid cooling in the mixing region can be expected
to result in its eventual freezing into a solid nanoparticle.

The decomposition of the thin superheated liquid layer into
individual droplets may, in principle, be driven by the inherent
thin film instability at high temperatures [64,101], although the
results of the simulations suggest that the interaction of the metal
layer with the compressed supercritical water is playing the dom-
inant role in defining the morphology to the “terrain” region and,
eventually, the characteristic sizes of nanoparticles generated by
the film breakup. The appearance of roughness at the interface
between the metal layer and the supercritical water can be
observed as early as 200 ps after the laser pulse, Figs. 3 and 4,
and the interfacial morphology evolve rapidly as the metal layer
is decelerated and, in the lower fluence simulation, pushed back
to the substrate by the expansion of the supercritical water region
during the first nanosecond of the ablation process. The develop-
ment of the complex morphology of the interface between the
higher density metal layer decelerated by the pressure from the
lighter supercritical water (see Figs. 5a and 6a) can be attributed
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layer, i.e., to the regions 3 and 4 in Figs. 5 and 6.

to the Rayleigh-Taylor instability of the interface between the
accelerated fluid layers [102,103]. The morphological features of
the interfacial region are finer in the higher fluence simulation
(Fig. 4) as compared to the ones at the lower fluence (Fig. 3), which
is related to more active initial mixing and lower viscosity at
higher temperature leading to the higher spatial frequency of the
interfacial features. Although the quantitative aspects of the
nanoparticle generation through the breakup of a laser-generated
superheated liquid induced by the Rayleigh-Taylor instability
are still being investigated and will be reported elsewhere, this

mechanism appears to be general (also observed in the simulation
of PLAL of bulk targets) and can be utilized for controlled
nanoparticle generation and surface nanostructuring by laser
ablation in liquid environment.

The computational prediction of the existence of two distinct
mechanisms of nanoparticle formation in PLAL is consistent with
experimental observations of bimodal nanoparticle size distribu-
tions [4,5] and can be related to the results of recent time-
resolved SAXS probing of the cavitation bubble dynamics
[43-45], where two groups of nanoparticles with different
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characteristic sizes have been observed to emerge at different
stages of the bubble evolution. The experimental observation of
“primary particles,” with the size distribution centered around 8-
10 nm, can be related to the nanoparticles generated by the rapid
condensation in the expanding mixing regions in the simulations.
Indeed, the presence of the primary particles at the earliest stage
of the cavitation bubble expansion, the higher population of the
nanoparticles in the lower part of the bubble and the decrease of
the nanoparticle abundance and size with increasing distance from
irradiated surface are the experimental observations that are con-
sistent with the nucleation and growth pathway of the nanoparti-
cle formation predicted in the simulations.

The second group of nanoparticles, the so-called “secondary
particles” with the size distribution of around 30-50 nm, are
observed to appear at a later stage of the cavitation bubble evolu-
tion and are speculated to form through agglomeration of the pri-
mary particles during the bubble collapse [43-45]. While the MD
simulations cannot provide information on the whole cavitation
bubble dynamics, they offer an alternative explanation of the ori-
gin of the secondary particles. The simulations predict that the sec-
ondary particles may appear through the formation of a dense
layer of superheated liquid metal at the front of the ablation plume
confined by the water environment, followed by disintegration of
the molten layer facilitated by its interaction with the compressed
supercritical water. The collapse of the bubble may simply disperse
the large nanoparticles already formed through the molten metal
layer disintegration, or it can actually cause the breakdown of
the molten layer if it survives until this late stage of the cavitation
bubble dynamics.

While the simulations reported in this paper are performed for
thin films, the discussion of the mechanisms of the nanoparticle
generation revealed in the simulations is fully applicable to the
ablation of bulk targets in a liquid environment. The first simula-
tions performed for bulk targets, to be reported elsewhere, show
that the dynamics of the ablation plume generated through the
explosive disintegration of a top layer of the irradiated bulk target
is very similar to the one discussed above for the thin film ablation.
The confinement of the ablation plume by the water environment
results in the formation of a dense layer of superheated metal at

the water-plume interface, followed by the appearance and expan-
sion of a metal - supercritical water mixing region and generation
of two populations of nanoparticles through the condensation in
the mixing region and disintegration of the superheated molten
metal layer.

The results are also not specific for the femtosecond laser
pulses, as the increase of the lattice temperature in the film is
controlled by the timescale of the electron-phonon equilibration,
Te-ph ~ 8 Ps, defined here as the time constant of the exponential
decay of the energy of the excited electrons [72]. This time is
comparable to the time needed for the mechanical relaxation
(expansion) of the film, 7, ~ LfCs~ 5.5 ps, where Ly=20nm is
the film thickness and Cs ~ 3650 m/s is the speed of sound in Ag.
As a result, the heating takes place under conditions of partial
stress confinement [62-65,99], leading to a stronger initial
expansion of the material undergoing the phase explosion
[63,104]. Any pulse duration that is shorter than t..,, would
produce results that are very similar to the ones reported in this
paper. The increase of the pulse duration above t..,;, would allow
for the film expansion during the laser heating, thus diminishing
the contribution of photomechanical effects to the ejection of the
plume and generation of nanoparticles.

4. Summary

An advanced computational model combining an atomistic
description of laser interactions with metal targets, a coarse-
grained representation of liquid (parameterized for water), and
acoustic impedance matching boundary conditions designed for
representation of a transparent substrate (parameterized for silica
glass) and non-reflecting propagation of laser-induced pressure
wave in the liquid environment is developed and applied for inves-
tigation of the mechanisms of nanoparticle generation in PLAL.
First atomistic simulations of laser ablation of thin Ag films in
water environment have provided detailed microscopic informa-
tion on the characteristics of laser ablation in liquids and revealed
two distinct mechanisms of nanoparticle formation in PLAL.

In contrast to the laser ablation in vacuum or a background gas,
where nanoparticles can be directly produced via explosive
decomposition of the superheated target material into a mixture
of vapor, atomic clusters, and droplets, the interaction of the abla-
tion plume with liquid environment leads to the rapid deceleration
of the ejected material and the formation of a dense superheated
molten layer at the water-plume interface. The water in contact
with the hot metal layer is brought to the supercritical state and
transforms into an expanding low density metal-water mixing
region that serves as a precursor for the formation of a cavitation
bubble at a later time. The conditions in the mixing region facilitate
condensation of metal atoms into clusters and rapid growth of the
atomic clusters into nanoparticles with maximum sizes barely
exceeding 10 nm. The interaction of the growing nanoparticles
with supercritical water provides a highly efficient cooling mecha-
nism that produces effective cooling rates for the metal vapor and
clusters of up to 10'2 K/s and results in solidification of nanoparti-
cles located in the upper part of the mixing region on the timescale
of nanoseconds.

In addition to the nanoparticles produced by the rapid nucle-
ation and growth in the water-metal mixing region, the second
mechanism of the nanoparticle generation identified in the simula-
tions is the breakup of the layer of superheated molten metal accu-
mulated at the plume-water interface. The preliminary analysis of
the initial stage of the layer decomposition suggests that the emer-
gence of complex morphological features in the interfacial region
can be attributed to the Rayleigh-Taylor instability of the interface
between the higher density metal layer decelerated by the
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pressure from the lighter supercritical water. The nanoparticles
produced through the disintegration of the superheated liquid
layer are larger than the ones produced through the condensation
in the mixing region and have characteristic sized on the order of
tens of nanometers.

The computational prediction of the two mechanisms of the
nanoparticle generation yielding nanoparticles with different char-
acteristic sizes is consistent with experimental observations of the
bimodal nanoparticle size distributions produced by PLAL and can
be related to the results of recent time-resolved SAXS probing of
the cavitation bubble dynamics, where the appearance of two dif-
ferent nanoparticle populations is detected at different stages of
the bubble evolution.
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