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ABSTRACT

The processes involved in nanoparticle and nanostructure formation by laser are analyzed. Relative contributions of
several mechanisms involved are compared. First, we consider the formation of “primary” particles and discuss the
difference between femtosecond and nanosecond regimes. Then, “secondary” particle/aggregate formation is discussed.
In particular, attention is focused on (i) direct cluster ejection from a target under rapid laser interaction; (ii)
condensation/evaporation; (iii) fragmentation/aggregation processes during cluster diffusion; (iv) diffusion, aggregation,
and/or coalescence. In addition, routes of control over particle size distribution are proposed. Possibility of formation of
colloidal nanoparticles with very narrow size distribution is proven numerically. The role of such parameters as ablation
yield, laser wavelength and laser fluence, and surface tension are examined. Finally, controlled nanoparticle self-
assembly is discussed as a potential technique for future development of nanomaterials.

Keywords: Laser, primary nanoparticles, aggregates, modeling, ablation, colloids, shape of size distribution, self-
assembly, nanomaterials.

1. INTRODUCTION

Laser-produced nanoparticles (NPs) have found many applications in medicine, bio-photonics, in the development of
sensors, new materials and solar cells. Laser interactions provide a possibility of chemically clean synthesis, which is
difficult to achieve under more conventional NP production conditions. Moreover, a careful optimization of the
experimental conditions can allow a control over size distributions of the produced nanoclusters. Therefore, many
studies were focused on the investigation the laser nanofabrication.'>**>¢78%1%11 1 particular, many experiments were
performed demonstrating NP formation in vacuum, in the presence of a gas or a liquid. Nevertheless, it is still difficult
to control the properties of the produced particles. We believe that numerical calculations can help to explain
experimental results and to better understand the mechanisms involved.

Despite rapid development in laser physics, one of the fundamental questions still concerns the definition of proper
ablation mechanisms and the processes leading to the NP formation. Apparently, the progress in laser systems implies
several important changes in these mechanisms, which depend on both laser parameters and material properties. Among
the more studied ablation mechanisms there are thermal, photochemical and photomechanical ablation processes.
Frequently, however, the mechanisms are mixed, so that the existing analytical equations are hardly applicable. In this
case, numerical simulation is needed to better understand and to optimize the ablation process.'>'*'* So far, thermal
models are commonly used to describe nanosecond (and longer) laser ablation.'>'® In these models, the laser-irradiated
material experiences heating, melting, boiling and evaporation. Thermal effect plays therefore a major role, particularly
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in the case of metals with high thermal conductivity. In this case, the ablation flux can be described by a Hertz-Knudsen
equation. The interaction of femtosecond pulses even with metals implies, however, a change in the ablation
mechanism due to not only the absence of equilibrium between electrons and lattice-ions during the pulse, but also
because the heating is too fast. The Hertz-Knudsen equation is inapplicable in this case and a numerical study is for the
careful optimization of the laser processing of metals.

Recently, many experimental and theoretical investigations of the mechanism of femtosecond (< 100 fs) ablation have
been performed.'”'®'**  Evidently, the interest in femtosecond lasers was caused by numerous exciting laser
applications listed above. Among the main advantages of these short pulses is the possibility of laser treatment of any
materials, even these that were considered to be transparent, in a possibility of control over electronic excitations, and in
the minimization of non-desirable thermal effects. However, the mechanisms of these interactions are often rather
different from that of longer pulses, and many difficulties first arouse in the corresponding numerical modeling. The
main point that makes ultra-short interactions difficult to model, is that the pulse duration is shorter than the electron-
phonon/ion relaxation time ¢,~1-10 ps. As a result of strong difference between the electron and ion mass, the mean
electron energy rises much faster and higher that that of ion subsystem. The terms “electron and ion temperatures”,
however, require equilibrium in each sub-system that also may take longer time to establish. If these terms can be
applied, electron temperature is much larger that ion temperature during the interaction. The knowledge about the
required equation of state (EOS) is also very limited. In addition, metastable matter states, such as superheated liquid
one, seem to play a role. All these points limit the information about model parameters and make computer simulation
rather difficult.

In studies of picosecond and femtosecond interactions, new ablation mechanisms have been proposed both for metals
and semiconductor materials,'”'®1921:2223.2425.2627.2829 1y calculate material motion (and not only its temperatures),
three numerical approaches were used, such as

-Atomistic approach, based on such methods as molecular dynamics (MD)*'*%'** and Direct Monte Carlo Simulation
(DSMC).***% Typical calculation results provide detailed information about atomic positions, velocities, kinetic and
potential energy;

-Macroscopic approach based hydrodynamic models.'****" These models allow the investigations of the role of the
laser-induced pressure gradient, which is particularly important for ultra-short laser pulses. The models are based on a
one fluid two-temperature approximation and a set of additional models (equation of state) that determines thermal
properties of the target;

-Multi-scale approach based on the combination of two approaches cited above was developed by several groups and
was shown to be particularly suitable for laser applications.

38,39,40 45,46

The ejection of liquid and/or solid particulates has been studied for metals, semiconductors,***** dielectrics,
and organic materials."” The parameters of the ejected particles are found to have a strong dependence on the laser
irradiation conditions and the background gas pressure. A number of scenarios of cluster formation in laser ablation
have been discussed in the literature. In many cases, observation of small clusters is attributed to the collision-induced
condensation in the dense regions of the ejected plume.*******’ Some evidences of the direct ejection of nanoparticles
by ultra-short laser pulses were also obtained.

Herein, we compare the relative contribution of the processes involved in the NP’s production by laser ablation. In
addition, the origins of the shape of the cluster size distribution are presented. First, “primary” particles are considered.
Then, “secondary” particle/aggregate formation is discussed. Such processes as direct cluster ejection from a target
under rapid laser interaction; condensation/evaporation; fragmentation/aggregation processes during cluster diffusion,
diffusion, aggregation, and/or coalescence are examined. Future trends in the field of laser-assisted nano-fabrication are
discussed.
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2. EVIDENCES OF NANOPARTICLE FORMATION BY LASER ABLATION

To check the formation of NPs by short and ultra-short laser pulses, a series of experiments was performed.’**">* These
experiments demonstrated that

-the observed NPs were deposited on a distant target; the shape of their typical size distribution was fitted by a
decreasing function [Figure 1(a,b)];

-NPs were found in the laser ablated plume. In particular, when femtosecond laser was used, two distinct components
were observed in the plume: the fast one composed of atoms and ions and the slow one composed of laser NPs [Figure

1(0)].
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Figure 1. (a) - Size distribution of laser-produced nanoparticles; (b) -AFM image (2 um x 2 pm) of gold nanoparticles deposited on a
mica substrate by 4500 laser pulses of 800nm wavelength with laser fluence of 0.9 Jem™; (c) - Plume images recorded during ablation
of gold and copper for several times and a laser fluence of 4 J cm™ the target is on the left side of the figure.

Furthermore, previously the cumulative number density f'(4) of NP’s (from infinity to 4) as measured by the AFM was
found to fit well by the following equation™

J (A)[p articles / '“mz ] = exp[— i] +a, exp[— ij ) (1)
H U,

where 4 is the area of the measured NP in units of nm? and other parameters, o, iy, 0.y, and L, are fitting constants.

Interestingly, in the presence of a background gas or a liquid, the shape of NP’s size distribution was different and more
often could be fitted by a log-normal function. The position of the maximum, or a most probable size of NPs, as well as
the width of the distribution (dispersion) depend strongly on laser parameters, on target material properties and on the
properties of a background medium. Interestingly, very small NP with rather narrow size distribution could be produced
in liquids with the addition of surfactant molecules. The origin of such shape of NP’s size distribution will be discussed
in what follows.
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3. NUMERICAL ANALYSIS OF “PRIMARY” NANOPARTICLE FORMATION BY
SHORT LASER ABLATION

In this section we consider the basic mechanisms of “primary” NP formation by short-pulsed laser interactions. The
term “primary” particles designates here particles that are either directly ejected from the laser-irradiated target (short
and ultra-short laser pulses), or particles that are formed by nucleation in laser-generated plume.

3.1 Direct laser-induced ejection of nanoparticles

For a rather long time, laser was considered as a source of heat, and laser ablation process was associated as a set of
phase transitions, such as melting and evaporation. Long before the appearance of short and ultra-short laser pulses,
only direct ejection of droplets from the laser-irradiated target was attributed to the effect of background pressure on
laser-melted zone. Based on such a concept, NPs could be formed only by nucleation and condensation in the
evaporated vapor. Thus, rather high ablation yield and/or very fast vapor plume expansion were crucial for vapor
supersaturation and nucleation. Therefore, nucleation process, requiring the formation of surface energy of particles,
was considered only in several studies. These studies have demonstrated that NP formation could be enhanced when
long laser pulses were used in vacuum, when a series of laser pulses was used, and/or when ablation took place in the
presence of a background environment.

Recently, laser systems with very short and intense pulses have opened a new vision of laser-matter interaction. These
interactions are characterized by the absence of equilibrium between electron and lattice/ions subsystems allowing the
reduction of thermally affected zones. Secondly, such short laser pulses create very strong shock waves propagating
inside the target and leading to fast explosion-like target decomposition driven by the rarefaction wave. Finally, it was
shown that target material can be heated near or even above the critical point, so that the target material enters into both
metastable and unstable regions of the corresponding phase diagram (Figure 2a).

(a) (b)
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Figure 2. (Color online) (a) —Phase diagram and trajectories originated from different target layers below the irradiated surface (
here, 5, 15, 20, 30, 50, 80, 130 nm). Here, “s” means solid, “1” means liquid, “g” means gas, (1) means superheated liquid, (g) means
supercooled gas, etc. Laser parameters are the following: pulse width t = 100 fs, wavelength A = 800 nm, and fluence F = 5.0 J/cm?.
(b) =MD simulation of rapid target fragmentation leading to particle formation, numbers on the axes are in angstroms.
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In such regions, laser-irradiated target is directly decomposed into a mixture of gas and liquid particles. Models based
on thermal equilibrium cannot describe these processes and new non-equilibrium approaches are required. Therefore,
the appropriate models were developed based on either molecular dynamics simulation or on hydrodynamic modeling.
Calculations performed with such models for ultra-short laser ablation in vacuum confirmed the effect of target
decomposition into a mixture of gas and small particles. Thus, both molecular dynamics and larger-scale numerical
hydrodynamics clearly explained the ejection of particles from laser-irradiated targets when laser pulse duration is on
the order of 100 ps or shorter. The corresponding thermodynamic analysis was performed for different materials
ranging from molecular solids to semiconductors and metals. These theoretical results agree with a number of
experiments. This result does not exclude the possibility of nucleation and condensation, in particular if ablation takes
place in ambient gas, air or liquid.

3.2 The role of nucleation in NP’s formation

Nucleation is a non-equilibrium process bringing a supersaturated system to a new equilibrium state. Nucleation can be
observed when the formation of a new phase is energetically profitable 3**%3¢75

When homogeneous nucleation takes place in a vapor, then it refers to the formation of small stable clusters of vapor
molecules, or nuclei (small liquid particles) in a supersaturated vapor. When this process occurs in a liquid solution (as,
for instance, in the solution of gold atoms in water), this process means the formation of small gold clusters or particles
in the solution. In both cases, the process requires supersaturation of gas or of a solution. Let us denote the saturation
parameter S that denotes the degree of supersaturation (the system is supersaturated if $>1, or when pressure exceeds the
one of the saturated system, Figure 3).
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Figure 3. (a) —Saturation curve P, (T) and the degree of supersaturation; (b) — energy barrier for nucleation as a function of the
number of monomers # in the cluster.

The nucleation rate is the rate, at which these nuclei are formed. When the parent phase is supersaturated, these clusters
are stable and the system can lower its energy by forming the new phase. This decrease of energy is proportional to the
volume of the new phase. The formation of the new phase also involves the formation of an interface between the parent
phase and the new phase, which increases the total energy in proportion to the area of this interface. Hence, the
difference in the energy of a system with and without a cluster of the new phase has a maximum as a function of the
cluster size. This maximum forms an energy barrier for the formation of the new stable phase. This energy barrier can
be written as
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AG = —nkT In(S)+4ma’n* o, @

where n is the number of monomers in the cluster; T is temperature; & is Boltzmann’s constant; « is the effective radius
of the monomers, O is surface tension. The height of this energy barrier is called the energy of cluster formation, and it
depends on the degree of super-saturation of the system. The clusters of size corresponding to this maximum are called
the critical clusters. According to the classical nucleation theory, the number of atoms in the critical nuclei is

8ma’o ’
N =|———| . 3
© | 3kT'In(S) ®

The further is the system away from equilibrium, the lower is the energy barrier, and the smaller is the critical clusters.
The probability of obtaining a critical cluster is proportional to the Boltzmann factor with the energy of formation in the

exponent
- AG
J ocexpl —|. 4
nuc p[ kT } ( )

Previously, it was demonstrated that nucleation and condensation could occur during rapid laser plume expansion in
vacuum ~. In addition, these mechanisms were shown to explain particle formation in a background gas®. Because
strong super-saturation is required, the conditions for the nucleation and condensation processes can be checked based
on the saturated vapor pressure curve P.(7) given by the equation of state. In a rapidly expanding plume, the above
equations are general and correspond to the local vapor parameters.”® In the case of laser ablation, laser-produced
plasma plume rapidly expands either in vacuum or in a background gas/liquid. In this case, the vapor becomes
supercooled and the saturation parameter can be calculated as

T,-T
S:T—’ ®)

eq

where T, is the equilibrium temperature at the local pressure that is obtained from the vapor equation of state, and T is
the local temperature. For the estimations of the saturated vapor pressure (vapor-liquid equilibrium), Clausius-
Clapeyron equation is used

_poexpll[ oL (6)
peq pO p k Tb T s

It should be noted that even if clusters are nucleated in the plume, they can either evaporate or grow, depending on four
parameters; their initial size, temperature, local plume temperature and density. The corresponding studies show that
smaller and hotter clusters will disappear in the plume.”'

The condensation-evaporation process can be described by the corresponding balance equation

dr 1
E = 7 (Jcond - Jevap )’ (7)
P(0) A 0
Jo=a—t J = N| % =L
cond (24 (27zka)] /2 evap (27ij eXp kTS (8)
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where & is the sticking coefficient, 7 is temperature at cluster surface.
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Figure 4. (Color online) (a) —axial distribution of plume density, temperature and the radius of nuclei’s radius obtained in a 2D
hydrodynamic calculation of laser plume expansion at 40 laser pulse durations. Density and temperature are normalized by their
initial values and size by 1 pm. (b) nuclei’s radius at a delay of 60 pulse durations. Here, distance is normalized by laser spot radius.
Calculations are performed for the ablation of gold with laser pulses of 30 ns, spot radius 1 mm.

By introducing these equations in our two-dimensional model of laser plume expansion we can analyze NPs formation
in a laser-generated plume. The calculation results shown in Figure 4 demonstrate that larger NPs are formed at the
beginning of the plume expansion in vacuum and mostly at the backside of the plume. This result can be explained by
the fact that plume temperature is smaller at this region. For this process to occur, the ablated flux should be high
enough providing sufficient loading of the ablated material to insure the supersaturation conditions. These conditions
are more easily satisfied for longer laser pulses and larger laser beam spots. This result is in a good agreement with the
experimental data.

4. ON THE SHAPE OF NP’S SIZE DISTRIBUTION

It remains now to explain why in some cases NP’s distribution could be described by a decreasing function, whereas in
other cases lognormal distribution was observed.

4.1 Theoretical analysis of the decreasing size distribution function observed in vacuum

By analyzing the available experimental data, one can note that NP’s distribution could be described by a decreasing
function when laser ablation took place in vacuum. In this case, secondary particle formation by aggregation or
coalescence is negligible. Instead, nanoparticles are either formed by target fragmentation or by nucleation.
Interestingly, theoretical analysis of both of these processes leads to a decreasing dependency for NP’s size distribution.
Fragmentation processes was described in details in Refs. ®** and we will not repeat these considerations here. In the
case of nucleation, the equilibrium density of clusters is given by ©

W (n ) w (1)

C(nd): C, exp| — e

; &)
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Where W(n) is the energy needed to form the cluster of size n’. The corresponding dependencies are shown in Figure
5(a). This result can explain experiments.”'** Note that rising part of the green curve du /kT =2 is unphysical, so that
only decreasing dependency is kept in the case of nucleation.
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Figure 5. (Color online) (a) Equilibrium size distribution of nucleated particles; here du is the change in the corresponding chemical
potential connected to the formation energy W; (b) -Log-normal size distribution due to secondary particle formation.

4.2. Secondary particle formation: Smoluchowski master equation and lognormal size distribution

Figure 5(b) shows typical NP’s size distribution obtained in the presence of a background environment. When laser
interaction takes place in the presence of a background gas, or a liquid, initial fast plume expansion is followed by a
much longer diffusion and thermalization. At this stage, if density of particles is high enough, coagulation or
coalescence processes can take place. These processes are well described by Smoluchowski master equation.®*

% - %! (5,05 (5 (o - 5)do - I B(0,5)n(®n(v)D (10)

with the appropriate kernels B. Interestingly, it was shown® that this equation yields self-preserving log-normal size-
distribution of particles (Figure 5b). This very general result can explain the fact that NP’s size distributions frequently
observed in experiments where background environment promoted particle aggregation/coalescence could be fitted by
such functions.

4.3. Control over size distribution: the role of ablation yield and of surface properties

To examine the role of the ablation yield in the size distribution of aggregating NPs, we have solved Smoluckowski
equation in a two-step approximation.” The calculation results are shown in Figure 6. One can see (Fig. 6a) that with
the increase in the ablation yield, the mean size of NPs grows. This result can be attributed to the enhancement in
collision frequency leading to the formation of larger aggregates.

In addition to the ablation yield, NP’s surface properties evidently play an important role in NP aggregation. This effect
can be seen in Figure 6b that when sticking process is enhanced larger particles are formed. If, on the contrary, NP’s

surfaces are modified, for instance, by surfactant molecules, much smaller NPs are expected to be obtained with a
narrower size distribution.
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Figure 6. (Color online) (a) -NP’s size distribution calculated for gold solution in water at different solution concentration; (b) —the
same distributions calculated for different sticking parameter.

4.4 NP’s deposition, diffusion and coalescence processes on the surface

When NPs are deposited on a surface, their size distribution can be modified by additional processes on the surface. To
show their role, a kinetic Monte Carlo method based on Metropolis algorithm was used for gold deposition on carbon
substrate. In these calculations, a 2D lattice map (i,j) with periodic boundary conditions is used. The diffusion
coefficient D(T,N)=D(T)N, where N is the number of atoms in the cluster under consideration. Here, v is a parameter
that characterizes the diffusion rate of different clusters and its value depends on the properties of the clusters, as well as
the substrate. Here, for simplicity y=1. To simulate the coalescence between two clusters, each cluster is assigned a
radius 7 corresponding to its number of atoms N=47n/3r" po. For monomers, the atomic radius of Au atom, r, is used.
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Figure 7 (a) (Color online) Size distribution of the clusters after 105 time steps. (b) - Size distribution of the clusters after 378 time

steps. The total number of atoms here is 2.5 millions.

The MC calculation results (Figure 7) clearly demonstrate that the final NP’s size distribution changes with time due to
diffusion and coalescence. The final structure and NP’s size distribution depend strongly on the initial distance between
them and on the parameter y defining the diffusion rate.
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4.5 NP’s size reduction by additional laser irradiation
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Figure 8.(a)-(b) Snapshots from MD simulations showing one small nanoparticle upon absorption of laser radiation; (c)-(d) —the same
for larger nanoparticle. (¢) MEB image of a gold particle on Si substrate after laser irradiation.

One of the commonly used methods of NP’s size reduction and/or shape modification is additional laser irradiation. In
fact, upon absorption of laser radiation, particles can melt, change their shape, evaporate or suffer a fragmentation due to
both mechanical effects and/or Coulomb explosion. Our MD calculations (Figure 8) have clearly demonstrated that upon
absorption of the same energy per monomer, smaller particles tend to evaporate, whereas larger ones are fragmented.
Here, particles were composed of a molecular solid material and fragmentation was mechanical due to pressure wave
propagation towards the center of the particle, its reflection and the following rarefaction wave formation. To observe
such effects, the radius of particle should be high enough, simple thermal evaporation was observed. These results agree
with recent experimental (Figure 8¢ and experimental results®).

5. SUMMARY
To summarize, we have considered a number of mechanisms involved in NPs and nanostructure formation with the aid
of laser pulses. In particular, rapid target fragmentation, nucleation, aggregation, particle diffusion and coalescence on

substrate, their behavior in liquid solutions and upon additional laser irradiation have been considered. In particular, we
have considered the question of NP’s size distribution and its shape.
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The performed analysis allows one to better understand what parameters can be used to control the NPs and
nanostructure formation. The presented analysis can be, thus, helpful for the development of controlled nano-assembly
methods for fabrication of nano- and meta-materials.
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