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ABSTRACT: Pulsed laser ablation in liquids (PLAL) is a promising technique for the
generation of colloidal alloy nanoparticles that are of high demand in a broad range of
fields, including catalysis, additive manufacturing, and biomedicine. Many of the
applications have stringent requirements on the nanoparticle composition and size
distributions, which can only be met through innovations in the PLAL technique guided
by a clear understanding of the nanoparticle formation mechanisms. In this work, we
undertake a combined computational and experimental study of the nanoparticle
formation mechanisms in ultrashort PLAL of Ag/Cu and Cu/Ag bilayer thin films.
Experimental probing of the composition of individual nanoparticles and predictions from
large-scale atomistic simulations provide consistent evidence of limited mixing between the
two components from bilayer films by PLAL. The simulated and experimental
distributions of nanoparticle compositions exhibit an enhanced abundance of Ag-rich
and Cu-rich nanoparticles, as well as a strongly depressed population of well-mixed alloy nanoparticles. The surprising observation
that the nanoscale phase separation of the two components in the bilayer films manifests itself in the sharp departure from the
complete quantitative mixing in the colloidal nanoparticles is explained by the complex dynamic interaction between the ablation
plume and liquid environment revealed in the simulations of the initial stage of the ablation process. The simulations predict that
rapid deceleration of the ablation plume by the liquid environment results in the formation of a transient hot and dense metal region
at the front of the plume, which hampers the mixing of the two components and, at the same time, contributes to the stratification of
the plume in the emerging cavitation bubble. As a result, nanoparticles of different sizes and compositions are produced in different
parts of the emerging cavitation bubble during the first nanoseconds of the ablation process. Notably, the diameters of the largest
nanoparticles generated in the simulations of the initial stage of the ablation process are more than twice larger than the thickness of
the original bilayer films. This observation provides a plausible scenario for the formation of large nanoparticles observed in the
experiments. The conclusion on limited elemental mixing in the nanoparticles is validated in simulations of bilayers with different
spatial order of Cu and Ag layers, even though the two systems exhibit some notable quantitative differences mainly related to the
different strength of electron−phonon coupling in Cu and Ag. Overall, the results of this study provide new insights into the
formation mechanism of bimetallic nanoparticles in ultrashort PLAL from thin bilayer targets and suggest that the formation of alloy
nanoparticles from immiscible elements may be hampered for targets featuring distinctive elemental segregation.

1. INTRODUCTION

Pulsed laser ablation in liquids (PLAL) is a promising
technique for the generation of colloidal alloy nanoparticles
that are of high demand in a broad range of fields, including
catalysis1,2 and biomedicine.3 In this context, the AgCu system
is of particular interest as both constituents possess high
relevance as antimicrobial agents4,5 as well as in electro- and
photocatalysis.6,7 Furthermore, the AgCu system is interesting
for fundamental studies of elemental miscibility on the
nanoscale as its bulk phase diagram is relatively simple and
shows a large miscibility gap (elemental segregation).8 On the
other hand, the relatively low oxidation susceptibility of the
constituents, in contrast to other 3d and 4d transition metals,
makes it easier to experimentally study elemental mixing

independently of oxidation. Moreover, it has been shown that
electron transfer from Cu to Ag within the alloy nanoparticles
results in far better resistance to oxidation compared to pure
Cu nanoparticles.9

Many of the applications of alloy nanoparticles impose
stringent requirements on the nanoparticle compositions and
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size distributions, thus presenting a challenge for the
development of advanced methods capable of fine control
over the characteristics of nanoparticles. The size and
composition of nanoparticles synthesized by PLAL can be
affected by the choice of irradiation conditions (laser pulse
duration and fluence)10−12 as well as the liquid medium.13 For
example, a strong effect of oxidative properties of solvent on
the phase arrangement in nanoparticles produced by PLAL has
recently been demonstrated for a bimetallic FeAu system,
where core−shell nanoparticles with a gold core and an iron
oxide shell are observed in water, while nanoparticles with a
zero-valent iron core and a gold shell are produced by ablation
in organic solvents like acetone or methyl methacrylate.14

Another approach to the size and composition control is the
introduction of surface-active species into the liquid environ-
ment like surfactants15,16 or electrolytes,17−19 which induce a
size quenching effect and may alter particle composition and
degree of oxidation.20

Recently, the design of target materials for the PLAL
synthesis of alloy nanoparticles has been the focus of attention,
going from commonly used alloy targets either toward pressed
mixed powder targets to improve synthesis variability1,21,22 or
toward thin films and multilayer targets.12,23,24 The use of thin
films and multilayers adds an additional degree of freedom to
the experimental setup and enables more precise control over
the laser energy deposition and atomic mixing that defines the
composition of the nanoparticles. In particular, the thin-layer
PLAL makes it possible to ensure that a well-defined target
depth, set by the layer thickness, is ablated in a single-pulse
experiment. As a result, PLAL of thin films not only allows for
the exploration of the target thickness effects25,26 but also sets
the ratio of two elements being ablated in a single pulse, simply
by varying the layer thickness of each element in a bilayer or
multilayer film, even for immiscible or partly miscible
elements. The experiments with thin bilayer targets also
enable investigation of the possible role the layer sequence may
play in defining the structure and composition of the formed
nanoparticles23 or analysis of the influence of phase boundaries
and layer arrangements in bilayer, multilayer, and non-
segregated binary alloy targets. For example, it has recently
been demonstrated that nanosecond PLAL of AuFe thin films
can produce an exceptionally high FeAu core−shell nano-
particle yield reaching 99.7% and that alloy and multilayer thin-
film targets provide higher yields compared to the bilayer thin
films.12 Interestingly, in the same experimental series but with
ultrashort PLAL of Au/Fe and Fe/Au bilayer thin films in
acetone, a significantly higher core−shell yield was observed
when iron was the top layer of the bilayer film.
The large number of experimental parameters and the

complexity of processes involved in the formation of alloy
nanoparticles in PLAL make the task of designing experimental
setups for improved control over the nanoparticle size and
composition challenging. The progress in the fundamental
understanding of the PLAL mechanisms can be most efficiently
achieved through a combined experimental and computational
investigation of various factors affecting the nanoparticle
generation, which is an approach that has not been applied
to alloy nanoparticle formation to date.
Experimentally, metal alloy nanoparticles from multiple

elements have been synthesized by PLAL, which includes
bimetallic nanoparticles composed of components exhibiting
different levels of solid-state miscibility according to bulk phase
diagrams. For alloys with unlimited solid-state miscibility in the

bulk, such as AgAu21 and PtIr,27 the nanoparticles produced by
PLAL are found to exhibit elemental solid solution mixing on a
single-particle level.21 Moreover, the alloy nanoparticles
synthesized from partially immiscible elemental components,
such as AuPt22,28 or AuFe,29−31 are also often found to have a
metastable solid solution structure rather than a phase-
segregated state predicted by bulk phase diagrams at room
temperature. In particular, for AuFe, small particle diameters
and gold-rich compositions were identified as clear determi-
nators favoring solid solution over segregated core−shell
morphologies.32 Further studies reveal that the degree of
mixing in the target and the pulse duration both significantly
influence the nanostructure of the PLAL-fabricated nano-
particles. In the AuFe system, a well-mixed target in
combination with nanosecond pulse durations primarily
yielded a high fraction of core−shell structures, which are
predicted to be energetically preferable by free surface energy
calculations. A smaller fraction of such particles, however, was
generated when targets with inadequate mixing were used and
the irradiation by ultrashort pulses was applied.12

The AgCu system is another example of an eutectic system
with a very limited mutual solubility in the solid state, which
presents a scientifically interesting and practically important
case study for the nanoparticle synthesis. To our knowledge,
there have only been a few studies dedicated to the generation
of AgCu bimetallic nanoparticles by PLAL.33−36 The results of
a detailed investigation of AgCu nanoparticles produced by
nanosecond PLAL in an aqueous solution of 0.02 M
poly(vinylpyrrolidone) as a capping agent are reported in ref
33. The bulk alloy targets used in these experiments have
different compositions and eutectic microstructure featuring
submicrometer thickness of the copper- and silver-rich layers.
The synthesized nanoparticles are characterized by biphasic
morphology for silver-rich targets, whereas the formation of
silver-rich shell−copper-rich core structures is observed for
copper-rich targets. At intermediate compositions, on the other
hand, the nanoparticles are featuring well-mixed structures
with clear signs of nanoscale phase separation. Based on these
findings, the authors developed a simple thermodynamic
model to explain the dependence of the observed structures on
the nanoparticle size and overall composition.33 A follow up
thermodynamic analysis predicted a metastable solid solution
state for small AgCu nanoparticles, where the demixing into
the core−shell structure occurs but does not result in the
formation of well-defined phase boundaries.37 These findings
were complemented by analysis of structural transformations in
laser-generated AgCu nanoparticles upon heating, where the
initial nanocrystalline solid solution structures are observed to
evolve into two-phase structures with a Janus morphology.35

Similarly, the metastable nature of laser-generated core−shell
AuFe nanoparticles has also been evidenced by the results of in
situ transmission electron microscopy (TEM) heating experi-
ments reported in ref 38. The model suggested in ref 33 was
validated and mathematically refined for the AuFe system,
showing how FeAu core−shell formation is driven by the
interface energy minimization.12 In addition to the direct
synthesis of bimetallic nanoparticles by PLAL of two-
component targets with different degrees of phase separation,
other techniques have been explored for generation of AgCu
nanoparticles. These include nanosecond ablation of Cu
targets into a colloidal solution of Ag nanoparticles, yielding
core−shell morphologies with a Ag core and a Cu shell,34 as
well as a combination of plasma treatment of Cu and Ag
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micropowder suspension in ethanol with nanosecond laser
irradiation, leading to the formation of well-alloyed nano-
particles.36

Theoretical and computational studies of PLAL have been
focused on analysis of the general effects of the liquid
environment on the ablation dynamics39−42 and the mecha-
nisms of the nanoparticle formation.43−48 In particular, large-
scale atomistic simulations of ultrashort PLAL40,45,46 have
revealed two distinct mechanisms of the nanoparticle
formation in PLAL, the rapid nucleation and growth of small
nanoparticles in the metal−liquid mixing region and the
generation of larger droplets through the breakup of a transient
hot metal layer formed at the interface of the liquid
environment, yielding nanoparticles of two different size
ranges at the early stage of the ablation process. These
computational predictions provide a plausible explanation for
the bimodal character of nanoparticle size distributions
commonly observed in the ultrashort PLAL experi-
ments,11,46,49 and are supported by the results of time-resolved
imaging46 and X-ray probing50 of the expanding cavitation
bubble. Moreover, the atomistic simulations have provided
important insights into the effect of the pulse duration,47 target
geometry (thin films45 vs bulk targets40), and spatial
modulation of the laser energy deposition51 on the nano-
particle generation mechanisms. All of these studies, however,
have been done for single-component targets, and the
processes controlling the composition of alloy nanoparticles
have not been addressed in the simulations of PLAL so far.
In this paper, we report the results of the first combined

computational and experimental study focused on the ability of
the ultrashort PLAL to produce alloy nanoparticles with
compositions matching that of the target material. The choice
of the target, a thin bilayer film consisting of Ag and Cu layers
deposited on a glass substrate, makes it possible to not only
control the average composition of the target, but to ensure
that this composition also characterizes the total ablation
plume, as the whole film is removed from the target by a single
laser shot. The use of the Ag−Cu bilayer as a target also brings
about an additional interesting effect related to the much
stronger electron−phonon coupling in Cu compared to Ag. As
has been demonstrated in a recent study of laser irradiation of
Ag−Cu bilayers in air,52 the difference in the strength of the
electron−phonon coupling results in the channeling of the
deposited laser energy to the Cu layer, leading to the sensitivity
of laser nanostructuring of the bilayer to the order in which the
two layers are deposited to the substrate. To check the possible
implications of this effect on the nanoparticle generation in
PLAL, in the present study, we perform simulations and
experiments for both Cu-top and Ag-top bilayer targets. In
contrast to the earlier experimental studies of nanosecond
PLAL of bilayer targets,12,23,24 we utilize ultrashort laser pulses
and focus our attention on the degree of compositional
uniformity that can be achieved by the laser ablation in liquids.
The analysis of the nanoparticle size and composition
distributions, as well as the correlation between the size and
composition, is performed in both simulations and experi-
ments. The lateral separation of sequential irradiated spots
assures single-pulse conditions in the experiments, which helps
with establishing direct links to the results of single-pulse
PLAL simulations. The implications of the fast, dynamic
processes occurring during the first nanoseconds of the
ablation process on the final characteristics of the nanoparticles

are discussed based on the computational results and
experimental observations.

2. METHODS
In this section, we describe the computational model and
experimental setup used in the investigation of the mechanisms
of nanoparticle formation by ultrashort pulse laser ablation of a
bilayer AgCu thin film in a liquid environment. The focus of
the modeling and experimental efforts is on the composition of
the colloidal nanoparticles generated by PLAL and, in
particular, on any deviations of the nanoparticle composition
from the nominal composition of the bilayer target. The
composition of the nanoparticles, therefore, is thoroughly
characterized in experiments and explained based on the
dynamic picture of the ablation process revealed in the
simulations.

2.1. Computational Model. The simulations of laser
ablation of Ag/Cu bilayer metal films in water environment are
performed with a computational model combining a fully
atomistic description of laser interaction with metal
targets,40,53−55 a coarse-grained representation of liquid,45,56,57

and acoustic impedance matching boundary conditions58

designed to mimic the nonreflecting propagation of the laser-
induced pressure waves through the boundaries of the
computational domain. A schematic representation of the
initial system and computational setup used in the simulations
is shown in Figure 1 and is briefly described below.
The laser interaction with metal bilayers is simulated with a

hybrid atomistic-continuum model that combines molecular
dynamics (MD) method with a continuum description of laser
excitation of conduction-band electrons followed by electron−
phonon equilibration based on two-temperature model
(TTM).59 As the combined TTM-MD model has been
described in detail in previous publications,40,53−55 here we
only provide parameters of the computational setup specific for
the simulations reported in this paper.
The simulations are performed for bilayer configurations

consisting of two 10 nm thick layers of Cu and Ag. Two
configurations are considered in the simulations, one where the
top layer facing the water is Cu and another where the top
layer is Ag. These two configurations are abbreviated in this
paper as glass/Ag/Cu and glass/Cu/Ag, respectively. The
interatomic interactions in the MD part of the TTM-MD
model are described by the embedded atom method (EAM)
potential with parametrization suggested by Williams et al.60

This potential is fitted to experimental values of cohesive
energy, elastic constants, energies of crystal defects (vacancies,
interstitials, stacking faults), vibrational properties, surface
energies, thermal expansion of pure components, as well as the
energies of several imaginary Cu−Ag compounds predicted in
density functional theory (DFT) calculations. The potential
provides a reasonable description of the eutectic phase diagram
of Cu−Ag alloy, with the calculated melting temperatures of
the pure components (1327 K for Cu and 1267 K for Ag)
within 3% of the experimental values and the eutectic
temperature (935 K) 11% below the experimental value.60

To further probe the performance of the potential at higher
temperatures relevant to the simulations of laser ablation, we
evaluated the temperature dependence of surface tension using
the test area method61 and determined the critical temperature
as a temperature at which the surface tension vanishes.62 This
yields the thermodynamic critical temperatures of 5368 K and
6350 K for Ag and Cu, respectively. These critical temper-
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atures are within the ranges of experimental values reported for
the two metals.63

The silica substrate is not represented with atomic resolution
but introduced through a nonreflecting boundary condition
(NRB-S in Figure 1) parametrized to account for the
displacement of the metal−substrate interface in response to
the laser-induced phase transformations and expansion of the
metal bilayer. This dynamic acoustic impedance matching
boundary condition is implemented as an imaginary plane that
interacts with the metal atoms through the Lennard-Jones (LJ)
potential defined as a function of the distance between a metal
atom and the imaginary plane, as described in detail in ref 58.
The parameters of the LJ potential are fitted to reproduce the
experimental values of the work of adhesion between the metal
films and silica overlayer64 as well as the local stiffness under
uniaxial compression,52,58 yielding the following LJ length and
energy parameters: σAg‑S = 2.96 Å, εAg‑S = 230 meV for Ag−
substrate interaction and σCu‑S = 4.62 Å, εCu‑S = 270 meV for
Cu−substrate interaction. These parameters are close to the
ones obtained for the Cu/Ag−silica interface in ref 52, where a
similar fitting procedure was used, but the interatomic
interactions in Cu and Ag were described with a different
parametrization of the EAM potential. The application of the

NRB-S boundary condition eliminates the need to model the
substrate with atomic resolution, and still enables a realistic
description of the transformation of a part of the energy
deposited by the laser pulse into the energy of a pressure wave
generated in the substrate.
The description of the electron and lattice temperature

dependences of the electron−phonon coupling factor and
electron heat conductivity of Ag and Cu included in the TTM
equations accounts for the thermal excitation from the electron
states below the Fermi level.65 The temperature dependence of
the electron thermal conductivity is described by the Drude
model relation fitted to the experimental values of thermal
conductivity of solid Cu and Ag at the melting temperature.66

The properties of the mixed region are approximated by the
average of the properties of Cu and Ag weighted by the atomic
ratio.
The energy deposition by a 100 fs laser pulse is simulated

through a source term added to the TTM equation for the
electron temperature. The source term simulates the 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
(Beer−Lambert law).53,67,68 The values of the optical
penetration depth at a laser wavelength of 800 nm, 12 nm
and 13 nm for Ag and Cu, respectively,69,70 are assumed in the
simulations. Since the electron temperature equilibration
throughout the thickness of the 20 nm bilayer takes place
within the first picosecond after the laser pulse,71 we do not
include the energy transport by nonthermal (ballistic)
electrons66,72,73 into the description of the laser energy
deposition. The implementation of the source term is based
on a cell-by-cell attenuation of the laser light to allow for the
laser energy deposition to the films consisting of two metal
layers with slightly different absorption properties. To account
for the finite transmission of the laser light through the 20 nm
thick bilayer, the source term is modified67,68 so that the full
amount of energy defined by the absorbed laser fluence Fabs is
deposited in the bilayer. The value of the absorbed laser
fluence, Fabs = 100 mJ/cm2, is chosen to be more than 3 times
higher than the threshold fluence for the onset of phase
explosion (explosive decomposition of superheated molten
metal into vapor, small atomic clusters, and droplets) in PLAL
of a 20 nm thick Ag film.45 As discussed in Section 2.3, the
ablation regime in the simulations is comparable to that
realized in the experiments reported in this paper.
The liquid environment is represented by a combination of a

coarse-grained (CG) MD model45,56 used in the vicinity of the
irradiated target with a nonreflecting boundary condition58

(NRB-W in Figure 1) parametrized to simulate a nonreflecting
propagation of pressure wave generated by laser ablation of the
bilayer film from the CG water region into the overlaying semi-
infinite water environment. In the CG MD model, each
particle represents several water molecules, and the degrees of
freedom missing in such CG representation are accounted for
through a heat bath approach that associates an internal energy
variable with each CG particle.45,56,57 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 radial (breathing)
mode associated with each coarse-grained particle, as described
in detail in refs 45, 56 and 57. The capacity of the internal heat
bath associated with each CG particle, its mass, and the
parameters of interparticle interaction are chosen so that the

Figure 1. Schematic representation of the initial system used in
simulations of short-pulse laser interaction with a 20 nm thick metal
bilayer film in water. The film consisting of two metal layers (shown
by green and blue colors) is deposited on a transparent silica substrate
(bottom gray region) and is irradiated through water. The laser
interaction with the metal bilayer is simulated with an atomistic two-
temperature model-molecular dynamics (TTM-MD) model account-
ing for the laser energy deposition, electron−phonon equilibration,
and electronic heat transfer within the general framework of classical
MD method. Two configurations, with Cu on top of Ag and Ag on
top of Cu, are considered in the simulations. A 300 nm thick layer of
water adjacent to the metal bilayer is represented by the coarse-
grained MD model (CG water). The elastic response of the silica
substrate and nonreflecting propagation of the laser-induced pressure
wave from the CG water to the overlaying part of the water
environment are represented by acoustic impedance matching
boundary conditions applied at the substrate−film interface (NRB-
S) and at the top of the coarse-grained MD part of the system (NRB-
W). These boundary conditions mimic the response of semi-infinite
substrate and water environment to the laser-generated pressure
waves. In the lateral directions, parallel to the irradiated surface, the
dimensions of the computational cell are 98.7 × 98.7 nm2 and
periodic boundary conditions are applied.
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CG model exactly reproduces the density and heat capacity of
water, while other properties relevant to the simulation of laser
ablation in water, such as the speed of sound, bulk modulus,
viscosity, surface energy, melting temperature, critical temper-
ature, and critical density, do not deviate from the
experimental values by more than 25%.45,56 The cross-
interaction between metal atoms and the CG water particles
is described by LJ potential with the following length and
energy parameters: σAg‑CG = 2.49 Å, εAg‑CG = 49 meV for Ag−
CG water interaction and σCu‑CG = 2.07 Å, εCu‑CG = 53 meV for
Cu−CG water interaction. The values of σ are based on Cu-
water and Ag-water equilibrium distances predicted in DFT
calculations,74,75 while ε is chosen based on the values of
surface60 and interfacial energies for the two metals and water,
so that the experimental observations of complete spreading of
water on chemically clean Cu and Ag surfaces76−78 are
reproduced by the model. Overall, the combination of CG MD
model with NRB-W enables us to reproduce the effect of the
water environment with reasonable accuracy and at a
manageable computational cost.
The dimensions of the computational domain in the lateral

directions, parallel to the irradiated surface, are 98.7 × 98.7
nm2, and periodic boundary conditions are applied in these
directions, as shown in Figure 1. With the 10 nm thickness of
Cu and Ag layers, the computational system consists of 8.29
million Cu and 5.76 million Ag atoms. The choice of the lateral
size of the computational system is defined by an assumption
that the characteristic length scale of processes responsible for
the nanoparticle generation in the explosive decomposition of
the 20 nm thick bilayer is much smaller than 100 nm, and
these processes should not be affected by any artifacts
introduced by the periodic boundary conditions. One of the
surprising computational predictions (supported by the
experimental observations), however, is that the diameters of
the largest nanoparticles produced by the laser ablation in
water are substantially larger than the film thickness, and the
periodic boundary conditions still have some effect on the
formation of such nanoparticles (see Section 3.3). The
thickness of the layer of water represented by the CG MD
model, 300 nm, is chosen to include the water region brought
to the supercritical state and undergoing vaporization due to
the direct interaction with the hot metal in the ablation plume.
This layer consists of 36.3 million CG particles. The systems
used in the simulations and illustrated in Figure 1 are
thoroughly equilibrated at 300 K before applying laser
irradiation.
2.2. Experimental Setup. The experimental component

of the present study is motivated by the computational
predictions, although there are some differences between the
computational and experimental setups, as discussed in Section
2.3. The glass/Ag/Cu and glass/Cu/Ag bilayer targets used in
the experimental part of this study were prepared from
elemental Ag and Cu targets by pulsed laser deposition (PLD)
in UHV conditions at ambient temperature using a nano-
second KrF excimer laser (248 nm) at a repetition rate of 10
Hz. The experimental setup has been described in more detail
elsewhere.79 Ag and Cu films were deposited at a laser fluence
of 16 J cm−2 resulting in deposition rates of 3.2 nm min−1 for
Ag and 1.1 nm min−1 for Cu on glass substrates at 50 mm
distance between targets and substrate.
Laser ablation of AgCu target films was performed in HPLC

grade acetone with purity >99.9% from Sigma-Aldrich,
adapting a previously described procedure12,23 with 10 ps,

1064 nm pulses of an Nd:YAG laser with a pulse energy of
88.5 μJ and an incident fluence of 3.8 J/cm2 at a repetition rate
of 100 kHz. The film targets were placed in acetone, at the
bottom of a glassy batch-chamber, and ablated from the top.
The focal point was moved for each subsequent laser pulse
with a velocity of 5 m/s to ablate a different part of the film at
each single laser pulse. This leads to a minimum distance of 50
μm between the ablation spots, which is similar to the diameter
of the ablation spots. Hence, overlaps between the spots can be
considered to be negligible. Please note that in the
experimental section the incident fluence is given, which is
substantially higher than the absorbed fluence used in the
discussion of the simulations.
The chemical composition and diameters of individual

nanoparticles are analyzed by bright-field TEM and energy-
dispersive X-ray (EDX) spectroscopy on a Tecnai F30 STWIN
G2 with 300 kV acceleration voltage equipped with a Si/Li
detector (EDAX System). The colloidal samples were
dispersed on nickel TEM grids with a lacey carbon carrier
film (Plano GmbH). Therefore, nickel and carbon signals are
not included in the quantification of the nanoparticle chemical
composition.
Analysis of the targets by SEM and EDX was conducted with

a Philips XL 30 (XL Series) and a Zeiss Leo 1530 at an anode
voltage of 20 kV. The thicknesses of the deposited Ag and Cu
layers were analyzed by EDX spectroscopy using an Oxford
instruments (detector) XMAX 80 μm2 setup with ThinFilmID
software (version 1.3.0). This software enables calculation of
the deposited thicknesses using the information on the layer
sequence and volumetric element densities of each layer under
assumption of a semi-infinite substrate (glass). The ablation
spots were analyzed with an Apreo S LoVac SEM (imaging
conditions: 5 kV, 0.1 nA), and EDX line scans were conducted
with a Thermo Fisher Scientific EDX System (Thermo
Scientific UltraDry silicon drift X-ray detector). For measure-
ment, the sample was mounted onto an aluminum stub by
adhesive carbon tape.

2.3. Connections between Simulated and Experi-
mental Conditions. Before turning to the discussion of the
computational predictions and experimental observations, we
note that the goal of the simulations is not to reproduce the
exact experimental conditions but to provide insights into the
mechanisms of the nanoparticle formation at the initial highly
nonequilibrium dynamic stage of the ablation process. There is
no one-to-one correspondence between the simulated systems
and those used in the experiments, which is mostly explained
by the way this collaborative project evolved. The simulations
were performed first and stimulated the experimental
investigation of similar systems. The 20 nm bilayer films
studied in the simulations, however, were too thin for reliable
uniform film deposition, and the film thickness was increased
to ∼80 nm in experiments. The pulse duration was also
increased from 100 fs to 10 ps to minimize the beam
interaction with the liquid environment, which was also
changed from water to acetone to minimize the oxidation of
nanoparticles. The possible implications of the differences in
the parameters of the computational and experimental setups
are briefly discussed below.
In both modeling and experiments, the targets are CuAg

bilayer films deposited on a glass substrate. The total thickness
of the films is about 4 times smaller in the simulations
compared to experiments, 20 nm (10 nm Ag and 10 nm Cu
layers) in simulations, and ∼80 nm in the experiments (see
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Section 3.4). All films, however, are sufficiently thin to ensure
that a uniform distribution of the electron temperature is
established throughout the film thickness prior to the
electron−phonon equilibration. Thus, while the absorbed
laser fluence required for the onset of the phase explosion is
likely to be about 4 times higher in the experiments, the
ablation process itself can be expected to be similar. Moreover,
since one of the main goals of the simulations is to establish
whether the compositions of nanoparticles exhibit any
deviation from the average composition of the bilayers, the
thinner films considered in the simulations put the conditions
for any compositional variation in the nanoparticles to a more
stringent test. That is, if the nanoscale separation of the two
components in the simulated 20 nm thick bilayers could cause
the compositional variation in the nanoparticles generated by
laser ablation, then this effect can be expected to be amplified
for thicker ∼80 nm bilayers considered in the experiments.
The irradiation conditions used in the simulations and

experiments are also comparable. In the simulations, the
absorbed fluence is more than 3 times above the threshold
fluence for the onset of the phase explosion in a 20 nm thick
Ag film45 and about 10 times above the fluence threshold for
complete melting of the 20 nm thick bilayer Ag/Cu. In
experiments, the incident fluence was set to 3.8 J/cm2, which is
about 2−4 times above the threshold fluence determined from
single-shot ablation of a bulk silver target in water and
isopropanol at the utilized pulse duration of 10 ps.80 Based on
this, we can assume complete ablation of the film in the central
part of the laser spot focused on an ∼80 nm thick Ag/Cu
bilayer. The pulse durations of 100 fs (simulations) and 10 ps
(experiments) are both in the ultrashort domain, where the
conditions of both thermal and stress confinement are
realized.54,81−83 Recent simulations47 suggest that the tran-
sition from ultrashort to short (hundreds of picoseconds to
nanoseconds) laser pulses can lead to substantial changes in
the nanoparticle formation mechanisms in PLAL, while the
variation of the laser pulse duration within the ultrashort range

(femtoseconds to tens of picoseconds) does not lead to
qualitative changes in the ablation dynamics.
Finally, the CG MD model of the liquid environment is

parametrized for water, while the experiments are done in
acetone. The properties of the liquid environment are playing
an important role in defining the lifetime, shape, and the
maximum size of the cavitation bubble,84,85 ablation threshold,
and target surface modification in multipulse irradiation
regime,86 as well as the shape, size, and composition of the
nanoparticles.13,84,87,88 Furthermore, the chemical reactivities
of water and acetone are quite different, so that PLAL of Cu in
water yields copper oxides, whereas the same process in
acetone yields elemental copper covered with a graphitic
layer.89 Note that for PLAL of elements with higher oxygen
affinity, such as iron, acetone degassing may be required to
minimize the oxidation, and that nanoparticle size dependence
of the oxidation degree cannot be excluded. Recently, the role
of excluding oxygen during PLAL of FeRh in acetone was
investigated in detail by systematically excluding the residual
water, the dissolved molecular oxygen, and the bound oxygen
in the solvent.90 When argon or an N2/H2 mixture was used as
an atmosphere during PLAL in acetone, the detected oxygen
was reduced to 9.8 and 6.9 atom %, and an effect of the bound
oxygen by replacing acetone with acetonitrile could not be
observed. Atom probe tomography revealed 9.6 atom %
oxygen in the smaller nanoparticles and no detectable oxygen
inside the bigger nanoparticles. Hence, according to the
literature, for PLAL of Cu, acetone PLAL under sealed
conditions may be enough to suppress the oxidation below
detection limit, but in general, oxidation cannot be fully
excluded even after solvent drying and degassing with reducing
gases,14,89,90 in particular for elements with high oxygen
affinity.
Since chemical reactions are not implemented in the

simulations, the use of a liquid in the experiments that reduces
oxidation can be considered as a good match. Moreover, the
mixing between the two components of the bilayer at the initial

Figure 2. Snapshots of atomic configurations obtained in an atomistic simulation of laser ablation of a glass/Cu/Ag bilayer system irradiated in
water by a 100 fs laser pulse at an absorbed fluence of 100 mJ/cm2. The vertical axis shows the position with respect to the initial location of the
silica substrate surface before the irradiation. The transparent silica substrate is represented by the gray rectangular parallelepiped. The atoms are
colored by their potential energies, in the range of −2 to −1 eV, so that the blue atoms belong to liquid droplets and the red ones are the vapor-
phase atoms. The time after the laser pulse, from 500 ps to 3500 ps, is marked on the snapshots. The water molecules are not shown to expose the
nanoparticle formation, and the presence of water is shown schematically by the blue background. An animated sequence of snapshots from this
simulation can be found in the Supporting Information, with atoms colored by potential energy and atom type.
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dynamic stage of laser ablation investigated in the simulations
can be expected to have a weak sensitivity to the type of the
liquid environment, which mostly provides the conditions for
the ablation plume deceleration and cooling of the top part of
the plume. The high temperature of the top part of the ablation
plume and the lack of direct contact with the liquid
environment in the lower part of the plume reduces the
likelihood of a substantial effect of the chemical reactions on
processes occurring during the first nanoseconds after the laser
pulse. Indeed, while the exact time when chemical reactions are
setting in during PLAL is yet unknown, the results of recent in
situ synchrotron X-ray absorption spectroscopy (XAS)
measurements performed for PLAL of Zn in water suggest
that nanoparticles within the cavitation bubble show a metal
signature, without measurable oxidation, even after a hundred
of microseconds.91 These observations indicate that not a
significant mass fraction is oxidized during the cavitation, even
though a partial surface oxidation of the nanoparticles could
have been below the XAS detection limit.
Overall, the differences in the film thickness, pulse duration,

and type of the liquid environment should not prevent us from
using the insights into the mechanisms of laser ablation of the
bilayer targets obtained in the simulations for interpretation of
the experimental observations. The experiments and simu-
lations are performed in the same physical regime, and the
conditions in both parts of this study are chosen to provide
insights into the key processes defining the composition of
nanoparticles produced by PLAL of metal bilayers.

3. RESULTS AND DISCUSSION

In this section, we report and discuss the results of the
computational and experimental investigation of nanoparticle

formation in PLAL of Ag−Cu bilayer films. The ablation
mechanisms and processes responsible for the nanoparticle
formation are discussed in Sections 3.1 and 3.2 based on the
results of two large-scale atomistic simulations performed for
Ag on Cu (glass/Cu/Ag) and Cu on Ag (glass/Ag/Cu) bilayer
configurations, respectively. The results of the computational
analysis of the nanoparticle size distributions, composition of
nanoparticles, and correlation between the size and composi-
tion are discussed in Section 3.3. The results of the
experimental characterization of the ablation spots and
nanoparticles are reported in Sections 3.4 and 3.5, respectively.

3.1. Simulation of Glass/Cu/Ag Bilayer. The simulation
discussed in this section is performed for a glass/Cu/Ag bilayer
irradiated at an absorbed laser fluence of 100 mJ/cm2, which is
significantly above the threshold for an explosive decom-
position of the film into vapor and small droplets. A series of
snapshots from the simulation shown in Figure 2 provide a
clear visual view of the ablation process, where the expanding
ablation plume (hot mixture of metal vapor and liquid droplets
generated in the phase explosion of the superheated film) is
rapidly decelerated by the resistance from the water environ-
ment and accumulates at the water−plume interface. The
ablation plume deceleration and the formation of a dense hot
metal layer at the water−plume interface can also be seen in
the density and temperature contour plots shown in Figure 3.
The initial rapid expansion of the ablation plume brings the
water−plume interface to the level of ∼150 nm above the
substrate during the first ∼300 ps after the laser pulse and
turns into a slower steady upward movement of the interface
with a velocity of ∼35 m/s during the following 3 ns of the
simulation.

Figure 3. Spatial and temporal evolution of density and temperature predicted in the simulation for which snapshots are shown in Figure 2. The
total density and the densities of silver and copper are shown in (a), (c), and (d), respectively. In all plots, the density is normalized by the density
of solid silver at 300 K, ρAg, and shares the same color scale bar. The gray regions represent the silica substrate. The regions where there are no Ag
or Cu atoms are blanked in (c) and (d). The green and blue patterned backgrounds in the top left parts of (a) and (b) represent the implicit
presence of water beyond the pressure-transmitting boundary (NRB-W in Figure 1) applied at the top of the water layer explicitly simulated with
CG MD.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09970
J. Phys. Chem. C 2021, 125, 2132−2155

2138

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09970?ref=pdf


The interfacial metal layer is not uniform but exhibits
stratification into three distinct regions: a top region where
rapid nucleation and growth of numerous small nanoparticles
is observed, a region with a complex coarse morphology of
interconnected liquid regions, and an underlying continuous
thin metal layer that retains its integrity up to ∼3000 ps. The
stratification can already be seen in the snapshot shown in
Figure 2 for 500 ps, becomes even more pronounced between
1000 and 2000 ps, and starts to blur by the end of the
simulation, after the onset of decomposition of the bottom
metal layer.
The formation of a low-density region at the top of the

interfacial layer, which shows up as a blue gradually widening
stripe in Figure 3a, is related to the direct interaction of the hot
metal plume with the water environment. The water in contact
with the hot metal layer is brought to the supercritical state,
and the expansion of the supercritical water leads to the
formation of a low-density region that serves as a precursor for
the formation of a cavitation bubble. The expansion of the
supercritical water occurs simultaneously with the active
evaporation of hot metal into the low-density region, creating
a metal−water mixing region. The conditions in the metal−
water mixing region are highly susceptible to the condensation
of metal atoms into clusters and the rapid growth of the atomic
clusters into nanoparticles.40,45−47 The temperature in the

mixing region, while staying above the critical temperature of
water (588 K for the CG model of water),56 is close to and, in
the upper part of the mixing region, even below the melting
temperature of Ag (1267 K for the EAM Ag),60 which is the
main component present in this region. As a result, rapid
nucleation and growth of the nanoparticles are initiated on a
very short timescale of just a few nanoseconds after the laser
irradiation, as can be seen from Figure 2. Moreover, the low
temperature in the mixing region results in quenching and
crystallization of some of the small clusters and droplets in the
upper part of this region by the end of the simulation, i.e., only
3.5 ns after the laser pulse.
Below the low-density mixing region, a higher-density part of

the interfacial layer featuring a coarse morphology of
interconnected liquid regions is observed in the snapshots
shown in Figure 2. Similarly to earlier studies of laser ablation
of thin Ag films45 and bulk targets,40,46 the roughening of the
interfacial layer and its decomposition into large nanoparticles
with diameters on the order of 10 nm can be attributed to the
rapid deceleration of the plume and cooling of the metal in
direct contact with the water environment. In particular, the
deceleration of the higher-density metal layer accumulated at
the interface by the lighter supercritical water creates classical
conditions for the development of Rayleigh−Taylor insta-
bility92 at the water−plume interface. A quantitative analysis

Figure 4. Results of detailed analysis of atomic configuration obtained by 3.5 ns in the simulation for which snapshots are shown in Figure 2. The
leftmost panel shows the distributions of atomic number densities of Ag (red dash-dotted line), Cu (blue dotted line), and water (purple dashed
line) shown for a region from −41 to 309 nm with respect to the initial position of the silica substrate surface before the irradiation. The values of
number densities are normalized by the number density of liquid water at 300 K, nH2O

0 , and solid Ag at 300 K, nAg
0 , for water and the two metals,

respectively. The points where the curves for the two metals cross each other correspond to local equiatomic composition. The next panel shows
the atomic snapshot for 3.5 ns aligned with the density plot and colored as described in the caption for Figure 2. The snapshot is split into six layers,
as shown by the dashed lines, and top views of each layer are shown in the four columns located to the right from the snapshot. In the first column,
the atoms are colored by atom type, red for Ag, and blue for Cu. In the remaining three columns, all individual atoms and clusters smaller than 1
nm in diameter are blanked, and the same color is used for all atoms that belong to the same nanoparticle. The coloring in these columns is by
composition (fraction of Ag), size (diameter De of an equivalent spherical particle with the same number of atoms96), and average internal
temperature T of the nanoparticles. Note that because of a large variation in the nanoparticle diameters, the logarithmic scale is used for coloring in
this case.
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reported in ref 40 demonstrates that the fastest growing
wavelength and the characteristic time of the exponential
growth of small perturbations in the Rayleigh−Taylor
instability under conditions realized at the initial stage of the
plume expansion in PLAL are on the order of tens of
nanometers and hundreds of picoseconds, respectively. As a
result, by the end of the initial deceleration, ∼300 ps, the
interface develops a rough “terrain” that gradually decomposes
into individual liquid droplets (Figure 2).
Overall, the initial dynamics of the ablation process briefly

described above for the Ag on Cu bilayer film is similar to that
observed in an earlier study of laser ablation of a Ag film in
water.45 There are, however, several notable differences. First,
due to the higher laser fluence used in the present study, the
complete disintegration of the hot metal layer formed at the
interface between the ablation plume and water environment is
more prompt and occurs on the timescale of the simulation. As
can be seen from Figure 2, the lower part of the dense
interfacial region is not directly affected by the rapid
roughening at the deceleration stage, but still loses its integrity
and undergoes transformation to a large liquid droplet. The
formation of the large liquid droplet is affected by the periodic
boundary conditions and is discussed in more detail in Section
3.3.
Secondly, the bilayer structure of the film leads to a peculiar

pathway of the laser energy redistribution during the time of
the electron−phonon equilibration. Even though most of the
laser energy is deposited to the electronic subsystem of the top
Ag layer, the vibrational/phononic temperature raises faster in
the underlaying Cu layer, leading to the effective energy
redistribution from Ag to Cu. This effect is related to a more
than twice stronger electron−phonon coupling in Cu
compared to Ag at room temperature and an even larger
difference between the two metals in the electronically excited
state.65 The channeling of the deposited laser energy to the
layers with stronger electron−phonon coupling has been
predicted in TTM-MD simulations of Au−Cu93 and Ag−Cu66

layered systems irradiated in the melting and resolidification
regime, observed in time-resolved pump-probe thermo-
reflectivity experiments performed for Au−Cr94 and Au−Pt95
layered systems, and found to play an important role in laser
nanostructuring of Ag−Cu bilayers.52 While the small
thickness of the individual layers in the present study
suppresses the manifestation of this effect, it is still present
and is discussed in Section 3.2, where we compare the results
of the simulations for glass/Cu/Ag and glass/Ag/Cu bilayers.
Lastly, and most importantly, the bilayer structure of the film

makes it possible to investigate the extent of mixing between
the two components during the ablation process, as well as the
contribution of the two components to the nanoparticles
generated in different parts of the emerging cavitation bubble.
The implication of the nanoscale separation of the two
components in the target bilayer on the composition of
nanoparticles generated by PLAL is the main question
addressed in the present study. The mixing of the two
components in the ablation plume is discussed below, while
the results of additional analysis of the nanoparticles are
provided in Section 3.3.
The extent of mixing of the two components is illustrated in

Figure 4, where the results of a detailed analysis of the final
atomic configuration obtained by the end of the simulation are
presented. One of the striking observations, apparent from the
Ag and Cu number density profiles shown in the left panel of
Figure 4, is the direct link between the location of the
component in the target and its distribution within the
expanding cavitation bubble. The Ag that originates from the
top part of the bilayer is almost exclusively located within the
dense interfacial region and the low-density water−metal
mixing region forming above the interfacial layer. Most of the
Cu, on the other hand, is present in the form of vapor-phase
atoms and small clusters evenly distributed within a wide and
expanding space located between the substrate and the
interfacial region. From the temperature contour plot shown
in Figure 3b, we can see that the temperature of the Cu vapor−

Figure 5. Snapshots of atomic configurations obtained in an atomistic simulation of laser ablation of a glass/Ag/Cu bilayer system irradiated in
water by a 100 fs laser pulse at an absorbed fluence of 100 mJ/cm2. The vertical axis shows the position with respect to the initial location of the
silica substrate surface before the irradiation. The transparent silica substrate is represented by the gray rectangular parallelepiped. The atoms are
colored by their potential energies, in the range of −2 to −1 eV, so that the blue atoms belong to liquid droplets and the red ones are the vapor-
phase atoms. The time after the laser pulse, from 500 to 3500 ps, is marked on the snapshots. The water molecules are not shown to expose the
nanoparticle formation, and the presence of water is shown schematically by the blue background. An animated sequence of snapshots from this
simulation can be found in the Supporting Information, with atoms colored by potential energy and atom type.
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cluster mixture is only about 15% below the critical
temperature of the EAM Cu material, Tc = 6350 K.62 The
expansion of this hot mixture counteracts the pressure exerted
on the interfacial region by the supercritical water and keeps
pushing the large droplets formed in the interfacial region in
the upward direction.
The composition of different parts of the expanding ablation

plume can also be seen from the top views on different slices of
the system shown in the right part of Figure 4. In the first
column of slices, all atoms colored by the atom type (blue for
Cu and red for Ag) are shown, while only the nanoparticles
with equivalent diameters96 larger than 1 nm (more than 30
and 44 atoms for pure Ag and Cu nanoparticles, respectively)
are shown in the second column. The large liquid droplet with
a complex morphology formed in the course of decomposition
of the initially continuous metal layer transiently appearing in
the lower part of the interfacial region serves as a demarcation
separating the Cu-rich lower and Ag-rich upper parts of the
plume. This large liquid droplet itself is predominantly
composed of Ag, but has a substantial (32 atom %) presence
of Cu.
In general, the limited mixing of the two components

located within 10 nm from each other in the initial target
appears to be surprising given the fact that the whole film
undergoes an explosive decomposition into vapor and small
droplets at the start of the ablation process. The spatial
separation of the two components in the ablation plume (e.g.,
see the sharp transition from blue to red in the “atom type”
column in Figure 4) can be explained, however, by the specifics
of the ablation dynamics in a liquid environment discussed at
the beginning of this section. The accumulation of the top part
of the ablation plume at the interface with the water

environment and the formation of a relatively compact
transient interfacial layer prevent the rapid vapor-phase mixing
and largely preserve the initial layered structure of the target in
the ablation plume generated by the end of the initial dynamic
stage of the ablation process investigated in the simulation.

3.2. Simulation of Glass/Ag/Cu Bilayer. To verify the
general character of the computational predictions described in
the previous section and to check the dependence of the
ablation process on the order in which the two layers are
arranged in the bilayer target, in this section, we provide a brief
discussion of the results of a simulation performed for a glass/
Ag/Cu target arrangement. The irradiation conditions in this
simulation are the same as those used in the simulation of a
glass/Cu/Ag target discussed in the previous section, and the
overall picture of the ablation process, as seen from the series
of snapshots shown in Figure 5, is also similar. To recap, the
whole film undergoes an explosive decomposition into metal
vapor, atomic clusters, and small droplets. The expanding
ablation plume is decelerated by the water environment,
accumulates at the water−plume interface, and forms a hot and
dense interfacial metal layer. The dynamic interaction of the
hot metal layer with water leads to the splitting of the
interfacial layer into two parts by the time of 500 ps. The top
part remains in contact with water and decomposes into
relatively large (tens of nm) nanoparticles consisting mostly of
the component of the top layer. The lower part initially
bounces back from water but is then pushed up again by the
underlaying metal vapor. This layer also decomposes at a
longer timescale, between 2 and 3 ns.
Despite the similarity of the results obtained in simulations

performed for bilayers with different spatial order of Cu and Ag
layers, there are some notable differences mainly related to the

Figure 6. Spatial and temporal evolution of density and temperature predicted in the simulation for which snapshots are shown in Figure 5. The
total density and the densities of silver and copper are shown in (a), (c), and (d), respectively. In all plots, the density is normalized by the density
of solid silver at 300 K, ρAg, and shares the same color scale bar. The gray regions represent the silica substrate. The regions where there are no Ag
or Cu atoms are blanked in (c) and (d). The green and blue patterned backgrounds in the top left parts of (a) and (b) represent the implicit
presence of water beyond the pressure-transmitting boundary (NRB-W in Figure 1) applied at the top of the water layer explicitly simulated with
CG MD.
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different strength of electron−phonon coupling in Cu and Ag.
As discussed above, in Section 3.1, the stronger electron−
phonon coupling in Cu leads to redistribution of the deposited
laser energy from Ag to Cu in the glass/Cu/Ag target during
the time of the electron−phonon equilibration. Since the laser
fluence is well above the threshold for the phase explosion,
both layers undergo explosive decomposition regardless of the
spatial order of the Cu and Ag layers. Nevertheless, the initial
energy redistribution still shows up in the temperature contour
plot and the evolution of the interfacial layer. In particular,
while the temperature of the Cu vapor in the area between the
substrate and the interfacial layer remains higher than the
temperature of the interfacial layer at all times during the
simulation in the glass/Cu/Ag case (Figure 3b), the temper-
ature maximum shifts to the interfacial layer in the case of
glass/Ag/Cu (Figure 6b). The higher temperature of the
interfacial region has implications on the layer stability against
decomposition into droplets. In particular, one can see the
appearance of more numerous large (tens of nanometers)
droplets in the upper part of the interfacial region in Figures 5
and 7 compared to Figures 2 and 4. Moreover, the largest
liquid droplet appearing in the lower part of the interfacial
region is smaller in the case of glass/Ag/Cu compared to glass/
Cu/Ag (see Section 3.3 for a detailed discussion of the
droplets).

The number density profiles shown in the left panel of
Figure 7 are also reflecting the concentration of energy
deposited by the laser pulse in the top Cu layer. The dense
interfacial metal layer is wider and is located at a lower height
above the substrate at the same time of 3.5 ns compared to the
glass/Cu/Ag target, Figure 4, where the energy transfer to the
Cu layer creates a stronger upward force exerted by the
vaporized Cu on the interfacial layer. The incorporation of Ag
into the liquid droplet formed in the lower part of the
interfacial region is also reduced in comparison to the Ag-on-
Cu simulation, where the lower part of the large liquid droplet
has an equiatomic composition. Nevertheless, the most striking
observation from the glass/Cu/Ag simulation, the strong
spatial segregation of the two bilayer components in the
ablation plume, is confirmed in the simulation of the glass/Ag/
Cu target. The small clusters forming in the top part of the
plume, in the low-density water−metal mixing region, consist
of almost pure Cu, the larger nanoparticles generated during
the decomposition of the interfacial layer are also predom-
inantly composed of Cu, while the area between the interfacial
layer and the substrate is filled with vapor, atomic clusters, and
small nanoparticles with compositions dominated by Ag.

3.3. Computational Predictions on Nanoparticle
Composition and Size Distribution. In this section, we
report the results of a detailed analysis of nanoparticles present

Figure 7. Results of detailed analysis of atomic configuration obtained by 3.5 ns in the simulation for which snapshots are shown in Figure 5. The
leftmost panel shows the distributions of atomic number densities of Ag (red dash-dotted line), Cu (blue dotted line), and water (purple dashed
line) shown for a region from −41 to 307 nm with respect to the initial position of the silica substrate surface before the irradiation. The values of
number densities are normalized by the number density of liquid water at 300 K, nH2O

0 , and solid Ag at 300 K, nAg
0 , for water and the two metals,

respectively. The points where the curves for the two metals cross each other correspond to local equiatomic composition. The next panel shows
the atomic snapshot for 3.5 ns aligned with the density plot and colored as described in the caption for Figure 5. The snapshot is split into six layers,
as shown by dashed lines, and top views of each layer are shown in the four columns located to the right from the snapshot. In the first column, the
atoms are colored by atom type, red for Ag and blue for Cu. In the remaining three columns, all individual atoms and clusters smaller than 1 nm in
diameter are blanked, and the same color is used for all atoms that belong to the same nanoparticle. The coloring in these columns is by
composition (fraction of Ag), size (diameter De of an equivalent spherical particle with the same number of atoms96), and average internal
temperature T of the nanoparticles. Note that because of a large variation in the nanoparticle diameters, the logarithmic scale is used for coloring in
this case.
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in different parts of the simulated systems at a time of 3.5 ns
after the laser pulse. When comparing the results of this
analysis with the experimental observations reported in Section
3.5, we should keep in mind that the nanoparticle composition
and size distributions are very likely to undergo substantial
changes in the course of further expansion and collapse of the
cavitation bubble occurring on the timescale of tens and
hundreds of microseconds. The computational prediction that
a large number of nanoparticles are already formed during the
first nanoseconds of the ablation process, however, makes it
reasonable to expect that some of the characteristics of the
“early” nanoparticles are retained in the “final” colloidal
nanoparticles produced by PLAL. Indeed, the fraction of
atoms that belong to the nanoparticles with effective diameters
larger than 1 nm is already 68% for the glass/Cu/Ag bilayer
system and 76% for the glass/Ag/Cu system at 3.5 ns (see
Table 1), suggesting that further longer-term processes of
condensation, evaporation, and coalescence are unlikely to
“erase” the general trends predicted in the simulations.
We start the analysis with the largest liquid droplets formed

in the two simulations through the decomposition of the
transient continuous layer generated in the lower part of the
interfacial region. The snapshots of the two droplets are shown
in Figure 8, where the Ag and Cu atoms are colored red and
blue, respectively. The shapes of these large droplets continue
to evolve, and this evolution is affected by the periodic
boundary conditions applied in the lateral (horizontal)
directions. Indeed, the droplets extend through the whole
computational cell, leading to the formation of a continuous
liquid structure in one or both horizontal directions. While this
effective self-interaction of the large liquid droplets through the
opposite sides of the computational cell is an artifact of the
finite size of the systems used in the simulations, this artificial
effect itself is notable, as it reflects the unexpectedly large size
of the droplets. Converting the number of atoms in the large
droplets to the equivalent diameter of spherical droplets,96 we
get the diameters of 52 and 46 nm for the glass/Cu/Ag and

glass/Ag/Cu bilayers, respectively, which are more than twice
larger than the thickness of the original bilayer films. This
computational prediction contradicts the conventional picture
of nanoparticle formation through a gradual growth from
products of explosive disintegration of an irradiated film into a
mixture of vapor, atomic clusters, and small droplets, but is
consistent with experimental observations of nanoparticles
with maximum sizes significantly exceeding the thickness of the
target bilayers discussed in Section 3.5.
The simulations provide a plausible explanation of the

formation of large nanoparticles, suggesting that these
nanoparticles do not form directly in the course of the
explosive disintegration of the thin-film targets, but are
generated through a multistep process involving the ablation
plume accumulation at the interface with the liquid environ-
ment, the generation of a hot and relatively dense interfacial
metal layer, and the subsequent decomposition of this
interfacial layer into large liquid droplets. The maximum size
of the droplets is defined by the relatively slow dynamics of the
interfacial layer disintegration, which may involve pulling of the
hot molten metal distributed over a large spatial extent within
the interfacial layer into a single droplet. According to this
mechanism, the ablation of a thicker target film (∼80 nm in
experiment vs 20 nm in simulations) would produce a thicker
and more stable interfacial layer, which would yield larger
droplets upon the interfacial layer decomposition. Indeed, the
nanoparticles with diameters in the range of hundreds of
nanometers have been observed in the experiments discussed
in Sections 3.4 and 3.5.
Turning to the analysis of the composition of the two largest

droplets, the dominant colors of the two images shown in
Figure 8 clearly indicate that the droplets are mostly composed
of the components originating from the top layers of the
bilayer targets, with 68 atom % Ag for the glass/Cu/Ag bilayer
and 80 atom % Cu for the glass/Ag/Cu bilayer. The minority
components in the droplets are distributed unevenly and are
concentrated in the lower parts of the droplets. Given the high

Table 1. Total Number of Atoms in the Bilayer Systems and the Number of Atoms in the Vapor Phase (Monomers), Atomic
Clusters with Effective Diameters Less Than 1 nm, and Nanoparticles with Effective Diameters Larger Than 1 nm Identified at
3.5 ns after the Laser Pulse in the Two Simulations Discussed in Sections 3.1−3.3

total number of atoms vapor-phase atoms atoms in clusters (De ≤ 1 nm) atoms in nanoparticles (De > 1 nm)

glass/Cu/Ag
14 046 208

5 760 000 Ag +8 286 208 Cu

694 446 (5%)
170 367 Ag + 524 079 Cu

3 804 810 (27%)
503 288 Ag + 3 301 522 Cu

9 546 952 (68%)
5 086 345 Ag + 4 460 607 Cu

glass/Ag/Cu 633 966 (4%)
476 051 Ag + 157 915 Cu

2 801 407 (20%)
2 056 152 Ag + 745 255 Cu

10 610 835 (76%)
3 227 797 Ag + 7 383 038 Cu

Figure 8. Atomic configurations of the largest droplets identified in the simulations illustrated in Figures 2 and 5 at 3.5 ns after the laser pulse. The
black boxes show the boundaries of the computational cell in the lateral (horizontal) directions, with periodic boundary conditions applied in these
directions.
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temperature of the droplets and the long time it would take for
them to cool down to below the melting temperature and
solidify, however, one can expect that the composition will
become spatially homogeneous in the molten droplets, before
the phase separation into Ag-rich and Cu-rich regions could
take place during the solidification of this eutectic system.
The formation of the continuous interfacial layer gradually

decomposing into large droplets creates a barrier hampering
the expansion of the underlaying hot mixture of vapor, atomic
clusters, and small nanoparticles originating from the bottom
layer of the bilayer film. This effect can be clearly seen from
Figure 9a, where each nanoparticle with De > 1 nm is

represented by a dot, and the red and blue shadow stripes mark
the location of the lowest part of the large droplets generated
from decomposition of the interfacial layer in the two
simulations. In both cases, the dots tend to concentrate to
the left from the stripes, reflecting the presence of a barrier for
the free expansion of the plume. This barrier also prevents
rapid vapor-phase mixing of the two components at the initial
stage of the ablation process and is responsible, to a large
extent, for the sharp differences in the composition of
nanoparticles generated in different parts of the emerging
cavitation bubble. This can be seen from Figure 9a, where the
ordinate shows the nanoparticle composition in atom % of the
top metal component. Indeed, although the composition is
nearly equiatomic in the immediate vicinity of the red and blue
stripes, the nanoparticles formed at the front of the bubble, in
the water−plume mixing region, consist almost exclusively of
the top-layer components, whereas the nanoparticles closest to

the substrate have compositions of almost pure components of
the lower layers.
The nanoparticles formed in the region between the

substrate and the interfacial layer are much more numerous
compared to the ones formed in the water−plume mixing
region. As a result, these nanoparticles dominate the size
distribution shown in Figure 10a, where each bar corresponds
to the fraction of nanoparticles that fall within the
corresponding bin of nanoparticle diameters. In the range of

Figure 9. Composition of nanoparticles with effective diameter De
larger than 1 nm (a) and the total metal number density distributions
(b) as functions of the distance from the initial position of the silica
substrate surface. The data are plotted for a time of 3.5 ns after the
laser pulse for the two simulations of metal bilayers illustrated by
snapshots in Figures 2 and 5. In (a), the red and blue dots show the
Ag and Cu contents of individual nanoparticles generated in
simulations performed for bilayers with Ag and Cu as top layers,
respectively. In (b), the red and blue dashed lines show the combined
number density of both silver and copper atoms predicted in the two
simulations. The red and blue shadow stripes mark the first high-
density peaks that correspond to the regions where the large droplets
are present in the two simulations. The presence of the large droplets
hampers the expansion of the underlaying region where a hot mixture
of vapor, atomic clusters, and small nanoparticles, mostly consisting of
the lower-layer component, is present.

Figure 10. Nanoparticle size distributions calculated for final
configurations predicted for 3.5 ns after the laser pulse in two
simulations of laser ablation of glass/Cu/Ag (red) and glass/Ag/Cu
(blue) bilayer films. The distributions are shown for nanoparticles
with De > 1 nm in the form of fractions of nanoparticles counted
within 0.1 nm wide ranges of corresponding effective diameters (a)
and as probability density functions based on the number of atoms in
nanoparticles of different sizes (b). In (a), the height of a bar shows
the probability that a randomly chosen nanoparticle falls within a
particular size range defined by the location and width of the
corresponding bin. In (b), the area of each bar corresponds to the
probability that an atom randomly picked from any of the
nanoparticles with De > 1 nm will belong to a nanoparticle that
falls within the corresponding size range. Because of the small number
of the large droplets in the simulation domains, the width of the bins
in (b) is increased so that each bin has at least one droplet.
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diameters shown in the distribution, 1 nm < De < 4 nm, most
of the nanoparticles are located in this lower region, below the
interfacial layer, with only a minor contribution coming from
small nanoparticles generated in the top part of the system, in
the water−plume mixing region. The larger nanoparticles,
exceeding 4 nm, are less numerous but are making a substantial
contribution to the distributions weighted by the number of
atoms constituting the nanoparticles shown in Figure 10b.
Most of these nanoparticles are generated in the process of
decomposition of the interfacial region, as can be seen from the
series of snapshots of atomic configurations shown in Figures 2
and 5, as well as from the top views of slices of the
computational systems colored by the nanoparticle diameters
shown in Figures 4 and 7. The largest droplets shown in Figure
8 alone contain 34% and 28% of the total number of atoms in
the simulations performed for Ag on Cu and Cu on Ag
bilayers, respectively. The contribution of these largest droplets
to the probability density functions shown in Figure 10b is
reflected by the rightmost wide bars in the plots.
The formation of nanoparticles of different sizes in different

parts of the expanding cavitation bubble has direct implications
for the distribution of the nanoparticles by composition shown
in Figure 11. The composition of the largest fraction of
nanoparticles is dominated by the component coming from the
lower layer of the bilayer film (Figure 11a). These are the small
but numerous nanoparticles formed in the lower and central
parts of the system, between the substrate and the interfacial
region. The closer a nanoparticle is to the substrate, the lower

the concentration of the top-layer component in the
nanoparticle tends to be, as can be seen from the top panel
of Figure 9. The larger nanoparticles generated within the
interfacial region are contributing to relatively low but notable
tails of the distributions shown in Figure 11a, which extend
toward the compositions that correspond to the top layers.
The bumps at the end of these tails correspond to the
population of smaller nanoparticles formed through the
nucleation and growth in the water−plume mixing regions.
The distributions weighted by the number of atoms in the
nanoparticles of different sizes, shown in Figure 11b, provide
an additional evidence of the lack of mixing between the two
components of the bilayer targets prior to the formation of the
nanoparticles. For both bilayer targets, broad minima are
observed in the central parts of the distributions, which
correspond to well-mixed compositions of the nanoparticles,
while most of the material comprising the nanoparticles tend
to have composition dominated by one of the components.
The correlation between the nanoparticle size and

composition can be seen more clearly in the distribution of
nanoparticles by diameter and composition shown in Figure
12, where the color of dots reflects the number of
nanoparticles with the corresponding size and composition.
The highest concentration of nanoparticles is observed at small
sizes and compositions dominated by the component from the
lower layer of the bilayer systems, i.e., Cu in the case of Ag on
Cu bilayer and Ag in the case of Cu on Ag bilayer. This
observation is consistent with the distributions shown in

Figure 11. Distribution of compositions of nanoparticles with De > 1 nm generated in simulations of laser ablation of glass/Cu/Ag (red bars) and
glass/Ag/Cu (blue bars) bilayers in water. In (a), the height of each bin shows the fraction of nanoparticles that are within a 5 atom % wide range
of the corresponding composition. In (b), the height of each bin shows the fraction of atoms in nanoparticles that fall within the corresponding
range of compositions. The two bars that include contributions from the two largest droplets shown in Figure 8 are marked by yellow stars.
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Figure 11a. On the other sides of the composition range, we
see both the small spikes of the number of small nanoparticles
originating from the water−plume mixing region and the
presence of large nanoparticles generated through decom-
position of the interfacial region. Although the distributions
shown in the two panels of Figure 12 look almost as mirror
images of each other, a closer look reveals notable differences
related to the channeling of the deposited laser energy to the
Cu layer discussed above, in Sections 3.1 and 3.2. The
differences include an appearance of a group of midsize (4−8
nm) nanoparticles with composition dominated by the lower-
layer component in the case of glass/Cu/Ag target (top panel
of Figure 12), as well as an enhanced population of large (>12
nm) nanoparticles composed of the top-layer component in
the case of glass/Ag/Cu target (bottom panel of Figure 12).
Overall, however, regardless of the order of the layers, the
results of the simulations predict the limited mixing of the two

components of thin bilayer films ablated in a liquid
environment and suggest an explanation of this surprising
observation based on the specific mechanisms of ultrashort
pulse laser ablation in liquids. The experimental verification of
the computational predictions is reported below.

3.4. Experimental Results: Characterization of the
Target Film and Ablation Spot. To properly correlate the
simulation data with experimental findings, the thin-film targets
used in the ablation experiments were analyzed. The results of
the analysis of the target films by SEM and EDX are shown in
Figure 13 for both glass/Ag/Cu and glass/Cu/Ag film targets.
In Figure 13a, the high-magnification SEM images illustrate the
two-layer system with Ag appearing slightly brighter than Cu,
while the glass substrate is dark gray. Since tilted SEM images
may under- or overestimate the thickness, we extract
information on the individual layer thickness from EDX
point measurements considering the layer stacking (see
Section 2.2). Figure 13b shows two exemplary EDX spectra
for the glass/Ag/Cu and glass/Cu/Ag film targets. The upper
layers damp the X-ray lines of the lower layers. We evaluate
total thicknesses of 88 nm (65 nm Cu, 23 nm Ag) and 79 nm
(39 nm Ag, 40 nm Cu) for glass/Ag/Cu and glass/Cu/Ag
targets, respectively. This corresponds to nominal atomic
compositions (Cu/Ag) of 80.4/19.6 mol% and 59.2/40.8 mol
% for the glass/Ag/Cu and glass/Cu/Ag bilayers, respectively.
Consecutively, we analyzed the thin-film targets after single-

pulse laser ablation in acetone via SEM and measured the
elemental composition of the ablation spot by EDX line scans
(Figure 14). The analysis of the ablation spot indicates the
presence of particles in the size range from 2 μm down to
nanoparticles. These particles predominantly have a spherical
geometry and are broadly distributed throughout the spot, with
the larger particles concentrated in the periphery of the
ablation spot. The presence of these particles can be attributed
to the spatial variation of processes induced by the laser beam
characterized by a Gaussian energy distribution. In the central
part of the laser spot, the energy density deposited by the laser
pulse is sufficient to bring the film material to the state of the
strong superheating, leading to an explosive phase decom-
position into vapor and small droplets, as observed in the
simulations described in Sections 3.1−3.3. In the periphery,
however, the reduced energy density may only be sufficient for
melting and/or spallation of the film. The molten film
separated/spalled from the substrate can undergo disintegra-
tion into large droplets,97,98 whereas the molten film that
remains on the substrate can decompose into droplets through

Figure 12. Distribution of nanoparticles by diameter and composition
predicted in simulations of laser ablation of glass/Cu/Ag (top) and
glass/Ag/Cu (bottom) bilayers in water. The results are shown for a
time of 3.5 ns after the laser pulse. The points are colored according
to the number of nanoparticles in each of the 0.1 nm wide and 1.0
atom % tall bins covering the parameter space. The red color
corresponds to only one nanoparticle in a bin. The largest droplets
generated in the simulations (D = 52 nm, 68 atom % Ag in the silver
top bilayer and D = 46 nm, 20 atom % Ag in the copper top bilayer)
are not shown in the plots.

Figure 13. (a) SEM images of a cut section of a glass/Ag/Cu and glass/Cu/Ag systems, illustrating the metal layers (light gray) on top of the glass
substrate (dark gray). (b) EDX spectra from both samples showing the main elements of glass (Si, O) and metal layers (Cu and Ag). Na, Mg, Al,
and Ca are additional elements in the glass substrate. It is apparent that the layer sequence determines the intensity of Ag and Cu X-ray lines.
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the dewetting process.99−101 The lateral pressure gradients and
active motion in the liquid environment caused by the ablation
of the central part of the irradiated spot can facilitate the film
decomposition and can also spread the large droplets and
pieces of debris within and even outside the ablated spot, as
can be seen from the SEM images shown in Figure 14. Some of
the smaller nanoparticles observed in these images may also
originate from redeposition of nanoparticles generated by laser
ablation.
The results of EDX measurements shown in Figure 14b,d

demonstrate that the area of the ablation spot is dominated by
the Si signal, which is a clear indication that the majority of the
metal thin film has been ablated. Nonetheless, the EDX line
scans show that the debris particles within the ablation spot are
exclusively made of silver in the glass/Ag/Cu case and show an
excess of copper in the glass/Cu/Ag case. It is likely that the
presence of metal within the ablation spot is related to
redeposition of the ablation plume, potentially during the
cavitation bubble oscillation. The dominant presence of the
lower-layer component in the redeposited material is
consistent with the results of the simulations, which show
that the lower part of the ablation plume is mostly composed
of material originating from the lower layer of the bilayer film
(e.g., see Figure 9a). Although the results of the simulations are
shown for the initial stage of the ablation process while the
redeposition is expected to occur on a much later time, the

prompt conversion of the top layer material into the
nanoparticles produced through the interfacial layer decom-
position (e.g., see Figures 4 and 7) suggests that the lower part
of the plume is likely to remain depleted of the top-layer
component even at much longer timescales and underlines our
hypothesis of strong elemental segregation during PLAL.

3.5. Experimental Results: Characterization of Nano-
particles. In this section, we characterize the compositions
and size distributions of nanoparticles produced in picosecond
laser ablation experiments and compare their properties to
those predicted in the simulations of the initial stage of the
ablation process described in Sections 3.1−3.3. We aim to
elucidate to what extent the computational predictions on the
early-stage particle formation are in accordance with
experimental results, which represent the endpoint of the
particle formation process. As detailed in Section 2.2, the
experiments are performed for glass/Cu/Ag and glass/Ag/Cu
films with an overall thickness of about 80 nm (see Section
3.4), and the ablation is conducted in acetone to minimize
oxidation. The nanoparticle size distributions are obtained
through analysis of TEM images, and the compositions at a
single-particle level are evaluated by EDX for 40−50 particles
per sample. The overall composition was not determined by
TEM-EDX, as the density of nanoparticles on the TEM grids
was too low.

Figure 14. (a) Top-view SEM image of an ablation spot on a glass/Cu/Ag target, with the yellow arrow indicating the course of an EDX line scan.
(b) EDX line scan of an ablation spot on a glass/Cu/Ag target. (c) Top-view SEM image of an ablation spot on a glass/Ag/Cu thin-film target, with
the yellow arrow indicating the course of an EDX line scan. (d) EDX line scan of an ablation spot on a glass/Ag/Cu target. (e, f) SEM images of an
exemplary ablation spot on a glass/Ag/Cu target.
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The number-weighted nanoparticle size distributions
(Figure 15a,b) show the presence of nanoparticles with a
broad range of diameters dominated by nanoparticles with
diameters below 20 nm. Median nanoparticle diameters,
derived from log-normal fits, are 8 and 10 nm for glass/Cu/
Ag and glass/Ag/Cu targets, respectively. Furthermore, several
individual nanoparticles with diameters exceeding 100 nm are
observed, with the largest particles formed from the glass/Cu/
Ag target arrangement. These experimentally determined
nanoparticle size distributions are in good agreement with
those predicted in the simulations (Figure 10). The diameters
of the largest nanoparticles found in the analysis of the
experimental TEM images, however, are significantly larger
than those generated at the initial stage of the ablation process
investigated in the simulations. The largest spherical nano-
particles identified in experiments performed for glass/Ag/Cu
and glass/Cu/Ag bilayers have diameters up to about 150 and
900 nm, respectively, while the largest liquid structures

observed in the simulations have effective diameters of about
50 nm.
The observation of larger nanoparticles in the experiments

compared to the ones predicted in the simulations can be
explained by a combination of several factors. First, the films
used in the experiments are 4 times thicker than those
considered in the simulations. According to the simulations,
the large droplets originate from the decomposition of a
transient hot metal layer generated at the water−plume
interface through the accumulation of the front part of the
ablation plume. The ablation of a thicker film can be expected
to produce a thicker and more stable interfacial layer, which
would yield much larger droplets through a slower process of
the interfacial layer decomposition.98 Second, the formation of
larger droplets may happen at a later stage of the ablation
process through the coalescence of smaller liquid droplets. The
high concentration of the large droplets in the upper part of
the expanding cavitation bubble (Figures 4 and 7) and the

Figure 15. (a, b) Number-weighted size distributions of nanoparticles generated from glass/Cu/Ag (a) and glass/Ag/Cu (b) bilayer targets,
characterized via TEM images. Note the logarithmic scale used for the x-axis in (a) to enable an adequate representation of the wide range of
measured nanoparticle diameters. The average diameters xc listed in (a) and (b) are median values calculated from log-normal fitting curves of the
number-weighted size distributions, and the error values are standard deviations from the log-normal fitting. The distributions are generated based
on the evaluation of 40 and 52 nanoparticles for glass/Cu/Ag and glass/Ag/Cu targets, respectively. The bin size in all distributions is 5 nm. (c, d)
TEM bright-field images and the corresponding EDX spectra, measured for exemplary nanoparticles marked on the TEM images. The exemplary
nanoparticle generated from the glass/Ag/Cu target (c) has a composition of 87.6 atom % Ag and 12.4 atom % Cu. The exemplary nanoparticle
generated from the glass/Cu/Ag target (d) has a composition of 99.8 atom % Ag and 0.2 atom % Cu. Carbon and nickel signals arise from the
TEM grid. It is, furthermore, unclear whether oxygen signals arise from the target or the nanoparticles.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09970
J. Phys. Chem. C 2021, 125, 2132−2155

2148

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09970?fig=fig15&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09970?ref=pdf


relatively low rate of cooling of these droplets are the
computational predictions that favor the notion of long-term
nanoparticle growth through the coalescence of smaller
droplets. Finally, some of the largest nanoparticles observed
in the experiments, particularly the ones with diameters
approaching the micrometer scale, are likely to have the same
origin as the large frozen droplets and pieces of debris
observed in the SEM images shown in Figure 14a,c,e,f. As
discussed in Section 3.4, these particles are likely to form
through the disintegration of a molten film separated/spalled
from the substrate in the periphery of the ablation spot, where
the energy deposited by the laser pulse is not sufficient for
inducing the phase explosion. Note that the volume of a single
spherical particle with a diameter of 1 μm corresponds to the
volume of a disc of the original ∼80 nm thick film with a
diameter of about 2.9 μm. The diameter of the ablation spot
produced in the single-pulse ablation experiments is about 60
μm (Figure 14), which suggests that the peripheral area
experiencing melting and spallation can be sufficiently large to
account for the large particles observed in the SEM images.
The nanoparticles were further analyzed by EDX spectros-

copy to determine particle compositions on a single-particle
level. In this context, 40 and 52 individual particles were
analyzed for the glass/Cu/Ag and the glass/Ag/Cu target
arrangements, respectively. Figure 15c,d depicts the TEM
images and EDX spectra for two exemplary nanoparticles: a ∼5
nm nanoparticle composed of 87.6 atom % Ag and 12.4 atom
% Cu (Figure 15c) and an ∼15 nm nanoparticle composed of
99.8 atom % Ag and 0.2 atom % Cu (Figure 15d). The
quantitative correlations between composition, particle num-
ber, and atomic abundance (proportional to mass) from single-
particle EDX measurements are shown in Figure 16.
The analysis of the nanoparticle composition distributions

reveals the apparent absence of the complete mixing of the two
components present in the target films. The distributions
exhibit an increased abundance of Ag-rich and Cu-rich

nanoparticles, while the nanoparticles of intermediate
compositions (which would represent the nominal target
composition) are present at substantially lower numbers. The
fact that the intermediate compositions are under-represented
in the distributions is in a good agreement with the results of
the simulations reported in Sections 3.1−3.3, where the limited
mixing of the two components at the initial dynamic/explosive
stage of the ablation process is observed and related to the
ablation mechanisms. Indeed, while the direct quantitative
comparison of the computational and experimental distribu-
tions shown in Figures 11 and 16, respectively, is hampered by
the limited timescale accessible for the atomistic modeling, the
depletion of the central parts of the distributions is apparent in
both figures. The small and numerous nanoparticles with
compositions dominated by the lower-layer component,
observed in the simulations, Figure 11a, can be expected to
grow in size and decrease in numerosity, bringing these parts of
the distributions closer to the experimental ones.
The comparison of the experimental distributions of the

fraction of nanoparticles and fraction of atoms with respect to
the nanoparticle compositions, shown for the glass/Ag/Cu
system in Figure 16b,d, points to the presence of smaller in
numbers but relatively large Cu-rich nanoparticles. This
observation is also consistent with the computational
prediction of the formation of large nanoparticles enriched
with the top component through the decomposition of the
interfacial layer; see Figures 11b and 12. The clear dominance
of the Cu-rich nanoparticles in the Ag on Cu case (Figure
16c), however, cannot be explained by the computational
results, and is probably associated with only a few but mass
(atom number) dominant larger particles with high copper
content. The disproportionally large contribution of Cu-rich
nanoparticles to the mass-weighted composition distributions,
regardless of the layer arrangement in the bilayer targets,
Figure 16c,d, is also reflected in the anomalously high total
concentration of Cu in the nanoparticles. The Cu:Ag atom

Figure 16. Fraction of nanoparticles (a, b) and fraction of atoms (c, d) in correlation with composition obtained for nanoparticles generated from
glass/Cu/Ag (a, c) and glass/Ag/Cu (b, d) bilayer targets. Logarithmic scale is used for the fraction of atoms to provide an adequate representation
of the large contribution of Cu-rich particles. The distributions are generated based on EDX single-particle analysis of 40 and 52 nanoparticles for
glass/Cu/Ag and glass/Ag/Cu targets, respectively. The dashed lines represent the nominal molar fractions of the bilayer targets.
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ratio evaluated for the whole ensemble of nanoparticles
subjected to EDX analysis is 7 for the glass/Cu/Ag system
and 5 for the glass/Ag/Cu system. This finding cannot be fully
explained based on the dominance of Cu to the composition of
the bilayer targets (80.4 atom % Cu in glass/Ag/Cu and 59.2
atom % Cu in glass/Cu/Ag) and is probably an artifact of the
low total number of analyzed particles.
Despite the differences between the experimental and

computational distributions of nanoparticle compositions, the
common conclusion on the limited mixing between the two
components of the bilayer film suggests that the processes
occurring during the first nanoseconds of ultrashort pulse laser
ablation are playing a critical role in defining the final
composition of the nanoparticles probed in the experiments.
The results of this study complement and explain previous
findings, which indicate that the formation of bimetallic
nanoparticles by laser ablation in liquids is primarily controlled
by the elemental segregation in the target and by the laser
pulse duration. For ablation conducted with nanosecond
pulses, the timescale of the plasma plume formation overlaps
with the pulse duration, leading to further heating of the
plume, increase in the plasma temperature, and prolongation of
the plasma lifetime.102,103 Under these conditions, better
elemental mixing can be expected prior to the particle
formation, and predominantly bimetallic particles are obtained,
even though they can differentiate into biphasic or core−shell
morphologies in correlation with nominal nanoparticle
composition.33 This expectation has been experimentally
confirmed for bulk binary alloy targets,21,22 as well as for
FeAu23 and AgAu24 thin films. The effect of the pulse duration
on the nanoparticle formation from thin-film targets with an
overall composition of Fe50Au50 was recently examined in ref
12, where a higher abundance of bimetallic FeAu core−shell
nanoparticles (>90% by mass) was observed in the case the
bilayer targets ablated by nanosecond pulses. This is a clear
indication of a pronounced atomic mixing and particle
formation under thermodynamic control, as in this system, a
segregated core−shell morphology is the most stable structure
predicted by the bulk phase diagram and the surface energy
model. In the case of picosecond pulsed ablation, on the other
hand, the Fe−Au core−shell nanoparticles were less frequently
found, probably due to the enrichment of nanoparticles with
gold, which prevents the formation of the core−shell
structure.32 In another study,104 the alloy nanoparticles
produced by picosecond laser ablation of mixed and pressed
micropowder Mn/Ni and Co/Fe targets were examined. In
both cases, the nanoparticle yield primarily consisted of single
element nanoparticles or particles with pronounced enrich-
ment of one of the components, even though the number of
target’s microparticle grains within one laser spot was between
27 000 and 270 000. Only upon heat treatment of the target,
which induces sintering, diffusion, and alloying in the partially
miscible Mn/Ni and Co/Fe systems, consecutive picosecond
laser ablation yielded alloy nanoparticles with compositions in
good accordance with the nominal target composition. These
findings are consistent with the results reported in the present
paper and suggest that, in case of ultrashort pulse laser ablation
of targets with phase separation of the components, such as
multilayer films or consolidated micropowder-based materials,
the atomic mixing in the ablation plume is limited and the
composition of the nanoparticles generated by laser ablation in
liquids can significantly deviate from the nominal composition
of the target.

Finally, the EDX data and TEM size histograms were
combined to establish a correlation between particle diameter
and atomic composition (Figure 17). These data show that

large particles, particularly those exceeding 100 nm, are
predominantly copper-rich, while small particles are silver-
rich. This general rule seems to apply independently of the
layer arrangement. The transition from Ag-rich small nano-
particles to larger Cu-rich particles, however, occurs within
different ranges of nanoparticle diameters. For the glass/Ag/
Cu bilayer target, the transition happens in a very narrow range
of nanoparticle diameters around 10 nm, with all nanoparticles
larger than 16−17 nm having Cu as the major component. For
the glass/Cu/Ag bilayer, the transition is more gradual and
occurs as the nanoparticle diameter increases from 40 to 90
nm.
The shift of the transition from Ag-rich to Cu-rich

nanoparticles to larger nanoparticle sizes observed for the
glass/Cu/Ag bilayer target can be related to the computational
prediction of the formation of nanoparticles in the size range of
10−50 nm from the top layer of the bilayer target at the initial
stage of the ablation process. These nanoparticles, originating
from decomposition of the transient interfacial layer formed at
the front of the ablation plume, are Ag-rich in case Ag is in the
top layer and Cu-rich for the inverse target arrangement. The
contribution of these nanoparticles may be responsible for the
appearance of the medium-sized Ag-rich nanoparticles in the
distribution shown in Figure 17a for the glass/Cu/Ag target.
The same mechanisms are predicted to produce Cu-rich
nanoparticles in the case of the glass/Ag/Cu target, which may
be related to the sharp size dependence of the nanoparticle
composition observed for this system in Figure 17b.
As discussed above, we currently do not have a clear

explanation for the strong dominance of Cu in the largest
particles and in the overall composition of all of the
nanoparticles analyzed in the experiments. The large copper-
rich nanoparticles with diameters exceeding 100 nm may
originate from later stages of the particle formation process or
could be the products of post-irradiation processes. Similarly,
the pronounced dominance of Ag in the composition of small
nanoparticles regardless of the arrangement of the two layers in
the bilayer target cannot be explained based on the simulation
results and is likely to be defined by the longer-term processes

Figure 17. Distribution of nanoparticles by diameter and composition
determined in experiments performed for the glass/Cu/Ag (a) and
the glass/Ag/Cu (b) layer stacking. The shaded areas are added as a
guide to the eye and do not represent any mathematical model fit.
The dot in brackets in (a) indicates one particle found in the whole
sample with a diameter of 2 nm, which, in contrast to the general
trend, is almost completely made of Cu. As statements based on a
single particle are not statistically useful, the point is excluded from
the interpretation.
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contributing to the nanoparticle formation. In particular, the
lower surface energy of Ag compared to Cu and the tendency
of Ag to segregate to the surface of alloy nanoparticles105 may
facilitate the growth of Cu-rich nanoparticles through
condensation in the cavitation bubble at low levels of metal
vapor supersaturation.
To recap the conclusions of the experimental part of this

study, the experimental findings on the Au−Cu nanoparticles
generated by ultrafast laser ablation of bilayer targets in a liquid
environment confirm the key predictions of the atomistic
simulations, namely: (i) the presence of large nanoparticles
with diameters significantly exceeding the total thickness of the
film targets and (ii) the “splitting” of the nanoparticle
compositions into Cu-rich and Ag-rich fractions with only a
minor population of Ag−Cu nanoparticles with equimolar
composition.

4. CONCLUSIONS
The results of a joint computational and experimental study of
the nanoparticle formation in ultrashort PLAL of Ag−Cu
bilayer films provide clear evidence of a limited mixing
between the two components of the bilayer films. The
distributions of nanoparticle compositions predicted in large-
scale atomistic simulations and obtained through EDX probing
of individual nanoparticles exhibit an enhanced abundance of
Ag-rich and Cu-rich nanoparticles, while the nanoparticles of
intermediate compositions are present at substantially lower
numbers. The observation that the nanoscale phase separation
of the two components in the bilayer films can manifest itself
in the sharp departure from the complete mixing in the
compositions of colloidal nanoparticles generated by PLAL is
surprising, particularly given the fact that the ablation is
performed in the regime of phase explosion and the bilayers
have thicknesses of only a few tens of nanometers. Indeed,
according to the conventional picture of the nanoparticle
formation in PLAL, the explosive decomposition of the entire
bilayer target into vapor, atomic clusters, and small droplets
should be followed by microsecond-scale expansion of the
cavitation bubble, gradual cooling of the ablation plume mixed
with vapor originating from the liquid environment, and
eventual nucleation and growth of the nanoparticles. This
scenario does not leave any possibility for the limited mixing,
since the vapor-phase mixing is fast and would be complete
within the expanding cavitation bubble. Consequently, this
work provides fundamentally new insight into particle
formation by PLAL using ultrashort pulse laser and targets
with defined elemental segregation.
The results of large-scale atomistic simulations of ultrashort

PLAL of metal bilayers in water reveal a complicated multistep
picture of the initial dynamic stage of the ablation process,
which involves the rapid formation of nanoparticles of different
sizes and compositions in different parts of the emerging
cavitation bubble. In particular, the simulations predict that the
ablation plume (a hot mixture of metal vapor, atomic clusters,
and liquid droplets generated in the phase explosion of the
superheated film) is rapidly decelerated by the resistance from
the water environment and accumulates at the water−plume
interface. The accumulation of the ablation plume at the
interface with water leads to the formation of a relatively dense
hot metal layer, which heats the adjacent water and brings it to
the supercritical state. The expansion of the supercritical water
and active evaporation of hot metal create a low-density
metal−water mixing region with thermodynamic conditions

suitable for condensation of metal atoms into clusters, growth
of the atomic clusters into nanoparticles, as well as rapid
cooling and crystallization of the nanoparticles. The interfacial
layer itself is destabilized/roughened by the dynamic
interaction with water (rapid cooling and Rayleigh−Taylor
instability) and decomposes into large droplets on the
timescale of nanoseconds.
The complex dynamics of the initial stage of the ablation

process, briefly outlined above, has direct implications on the
composition of the nanoparticles generated in different parts of
the emerging cavitation bubble. The formation of the transient
interfacial layer creates a barrier hampering the mixing of the
lower part of the ablation plume, mostly consisting of the
component originating from the lower layer of the bilayer
target, with the upper part of the plume interacting with water
and largely consisting of the component originating from the
top layer of the bilayer film. As a result, the small nanoparticles
formed through the nucleation and growth at the front of the
bubble, in the water−plume mixing region, consist almost
exclusively of the top-layer component, whereas the nano-
particles closest to the substrate have compositions of an
almost pure component of the lower layer of the bilayer
targets. The composition of large nanoparticles generated
through the decomposition of the interfacial layer is dominated
by the top-layer component but includes a substantial minority
contribution from the lower-layer component, particularly in
the case of the largest droplets formed in the lower part of the
interfacial layer.
While the direct projection of the computational predictions

to the final characteristics of colloidal nanoparticles generated
in PLAL experiments is hampered by the short timescale
accessible for the atomistic modeling, the observation that a
large number of nanoparticles are already formed during the
first nanoseconds of the ablation process suggests that the
longer-term processes of nanoparticle growth and coalescence
are unlikely to eliminate the compositional disbalance
predicted in the simulations. Indeed, the distributions of
nanoparticle compositions obtained in the experiments exhibit
an increased abundance of Ag-rich and Cu-rich nanoparticles,
while the nanoparticles of intermediate compositions are
present at substantially lower numbers. Hence, the experiments
validate the computational prediction on the limited elemental
mixing in nanoparticles when a phase segregated target is
ablated by ultrashort pulses in a liquid environment.
Some of the characteristics of the experimental distributions,

such as the pronounced tendency of the largest particles to be
enriched with Cu and the dominance of Ag in the composition
of small nanoparticles regardless of the arrangement of the two
layers in the bilayer target, cannot be explained based on the
simulation results and are likely to be defined by longer-term
processes occurring closer to the conditions of local
thermodynamic equilibrium and sensitive to the relatively
small but notable differences in the thermodynamic properties
of Cu and Ag, such as lower surface energy of Ag and its
tendency to segregate to the surface of alloy nanoparticles.
Note that the choice of the spatial order of Cu and Ag in the
bilayer target does not alter the overall picture of the initial
stage of the ablation process revealed in the simulations,
although some quantitative differences are observed and
attributed to the substantial difference in the strength of the
electron−phonon coupling in the two materials.
In addition to the limited mixing of the two components,

another experimental observation that does agree with the
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modeling results but does not fit well with the conventional
picture of PLAL is the presence of nanoparticles that are much
larger than the thickness of the target film. The nanoparticles
in the size range of a hundred of nanometers or larger can
hardly form through the condensation from the vapor phase
and cannot appear as a direct product of the explosive
disintegration of the irradiated thin film. While some of the
largest nanoparticles observed in the experiments, particularly
the ones with diameters approaching the micron scale, are
likely to form through the fragmentation of a molten film
spalled from the substrate in the periphery of the irradiated
spot, the computational results suggest an alternative scenario.
The simulations predict that, despite the strong superheating
and complete explosive disintegration of the irradiated film, the
large nanoparticles can promptly form through the accumu-
lation of the ablation plume at the interface with the liquid
environment followed by disintegration of the interfacial layer.
The results reported in this paper have practical implications

for the generation of multicomponent nanoparticles by
ultrashort PLAL. The complex dynamic interaction of the
ablation plume with liquid environment, occurring at the initial
stage of the ablation process, breaks down the intuitive
assumptions on the complete mixing of the components
separated in the bilayer target by only tens of nanometers and
on the direct connection between the maximum size of the
nanoparticles and thickness of the thin-film target. Hence, from
a practical point of view, single-pulse ultrashort PLAL of a
phase-separated multicomponent target cannot be expected to
produce a major fraction of alloy nanoparticles with
compositions closely matching the nominal composition of
the target. The utilization of nanosecond pulses and multipulse
irradiation of an emerging colloidal solution of nanoparticles
could result in a better mixing of the elements and could be
advantageous for the fabrication of alloy nanoparticles from
targets that are not perfectly premixed on the nanoscale. On
the other hand, in upscaled PLAL,106 ultrashort pulse
durations are the better choice when working in organic
liquids, as the nanosecond pulses cause stronger heating and a
larger extent of bubble formation attenuating productivity.
Further well-integrated computational and experimental efforts
are required to fully understand the complex mechanisms of
PLAL and to enable the design of nanoparticle production
methods that would balance the ever-increasing demand for
productivity with the need to ensure precise control over
nanoparticle size and composition.
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Nanoparticle formation after nanosecond-laser irradiation of thin gold
films. J. Appl. Phys. 2012, 112, No. 013108.
(100) Oh, H.; Pyatenko, A.; Lee, M. Laser dewetting behaviors of Ag
and Au thin films on glass and Si substrates: Experiments and
theoretical considerations. Appl. Surf. Sci. 2019, 475, 740−747.
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