
Chapter 7
Creating Nanostructures with Lasers

Paolo M. Ossi and Maria Dinescu

Abstract Lasers represent an efficient and versatile tool to produce and to arrange
in organized dispositions nanometer-sized particles, obtaining extended nanostruc-
tures with increasing degrees of complexity. In the first part of the chapter, the basic
mechanisms of nanoparticle formation for nanosecond laser ablation in an ambient
gas atmosphere and femtosecond ablation in vacuum are considered. In the former
case, atomic or molecular clusters grow during the propagation through the ambi-
ent gas of the plasma plume resulting from target irradiation. Plume expansion is
affected by laser wavelength and fluence, nature and pressure of the background gas,
target to substrate distance. Cluster size and kinetic energy, together with the related
distributions at landing onto the substrate depend on plasma dynamics and deter-
mine relevant differences of morphology and nanostructure of the growing film.
Popular models for the propagation of an ablation plume through a gas at increas-
ing pressure are recalled before deducing the average asymptotic size of particles
nucleated in the plume, to be compared with available data from selected experi-
ments. The synthesis of spatially uniform distributions of spherical metal particles
with controlled size, size distribution, and number density, resulting in films with
differentiated morphologies and optical properties is discussed.

In recent years, increasing attention and efforts have been devoted to the con-
trolled synthesis of nanostructured materials. The nanostructure plays a fundamental
role in determining electronic, optical, magnetic, and mechanical material prop-
erties. It is in principle possible to engineer new functional systems by carefully
tailoring their structure at the atomic and nanometer scales. One of the more exciting
routes adopted to synthesize nanostructured thin films is the controlled assembling
of clusters.

Among different chemical and physical assembling techniques, laser processing
plays an important role: laser ablation, pulsed laser deposition, laser microma-
chining, laser etching, and laser-assisted chemical vapor deposition are only some

P.M. Ossi (B)
Dipartimento di Energia, Politecnico di Milano, Italy
e-mail: paolo.ossi@polimi.it

131

paolo.ossi@polimi.it


132 P.M. Ossi and M. Dinescu

examples of recently introduced techniques that are reviewed with emphasis on the
degree of control of the resulting artificial nanostructures.

7.1 Introduction

The word nanostructure is largely used in the scientific and technical literature with
a variety of meanings. In the initial part of this chapter, by nanostructure, we mean
the result of the assembling procedure, with a bottom-up strategy of nanometer-
sized particles, or briefly nanoparticles (NPs). Thus, our attention is focused onto
the mechanisms whereby NPs are formed in a laser-generated plasma. Our goal is
to identify conditions suitable to drive the synthesis of NPs with controlled prop-
erties and their assembling in an organized, convenient spatial disposition, up to a
cluster-assembled (CA) film. Particle properties of interest range from the size and
its distribution, to the composition, the chemical and thermal stability, the transport,
mechanical, and chemical properties with their peculiar size dependence.

The plasmas produced by laser ablation yield large amounts of particles with
typical size in the few nanometer range [1, 2]: the possibility to separately manage
laser pulse features, irradiation geometry and radiation – matter interaction allows
modifying the complex dynamics within matter ejected from the irradiated target
surface. Thus, it is possible to understand and in part to control the mechanisms of
NP formation and their relative efficiency.

We move from the considerable activity of the last decade on NP synthesis
following irradiation of a solid target with laser pulses, to underline some differ-
ences between femtosecond (fs) and nanosecond (ns) pulses that have important
effects on NP synthesis. A femtosecond pulse releases its energy to matter adiabat-
ically with respect to thermal conduction. Thus, an intense, ultra-short pulse locally
brings to supercritical conditions the target while it preserves a solid density. The
extreme temperature – pressure regions explored, together with the fast-quenching
conditions associated to material expulsion, constitute ideal conditions to synthe-
size metastable phases otherwise unattainable. Further to this, ultrashort pulses do
not interact with the material ejected from the target; therefore the fundamental
thermodynamics – hydrodynamics of NP formation can be considered. By contrast,
pulses lasting picoseconds or longer times strongly interact with the nascent high-
density cloud of matter evaporated from the target. The resulting photoionization
and collisional heating mechanisms have significant effects on particle formation.

In fs ablation, NP formation usually occurs during free plasma expansion in
vacuum: hydrodynamics suggests that the severe strain experienced at very high
strain rate by a rapidly expanding, highly pressurized fluid leads to mechanical
fragmentation: such a mechanism is essential to quantitatively interpret NP forma-
tion [3]. By contrast, an ambient gas strongly favors NP synthesis in ns ablation
[1]: clustering of species in the expanding plume critically depends on the relative
weight of interaction mechanisms between ablated species and ambient gas, includ-
ing scattering, slowing down, diffusion, recombination, shock wave formation, and
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propagation. All these mechanisms are affected by ambient gas nature and pressure.
The above differences suggest to separately discuss NP formation when ns and fs
laser pulses are used.

For both irradiation timescales to manage the production of NPs, it is essential to
know how and when they are formed. This is our goal. A difficulty to answer such
questions stems from a long-standing separation between two approaches to analyze
pulsed laser ablation experiments. On the one hand, film properties are correlated to
deposition parameters such as target to substrate distance, laser wavelength, fluence,
intensity at the target surface, number of pulses [4, 5], atomic mass, and pressure
of the ambient gas [6]. On the other hand, plasma expansion dynamics is studied.
Several time- and space-resolved plasma diagnostics yield details on the dynamics
of the vaporized species escaping from the target: they include optical emission
spectroscopy (OES) [7], optical time of flight measurements (TOF) [8], Langmuir
probes [9], and fast photography, using an intensified charge coupled device (ICCD)
[1,10], from which plasma front position and velocity are obtained, besides the size
and shape of the expanding plasma. Although the two classes of investigations are
complementary to each other, only recently plasma plume studies were carried out
at conditions suitable to have a feedback on film deposition.

We first review the phenomena associated to the propagation through an ambient
gas of a plasma plume produced by a nanosecond laser pulse. The strengths and
weaknesses of the most popular models adopted to interpret plasma expansion are
recalled and the phenomenological model of mixed-propagation for plume dynam-
ics in the ambient gas is introduced. Recent results on the deposition under different
conditions of CA films of carbon, tantalum, and silver are interpreted. It is shown
that the average NP asymptotic sizes deduced by mixed-propagation model, agree
with those of as-deposited NPs, measured by transmission electron microscopy
(TEM). The morphology, as investigated by scanning electron microscopy (SEM)
and the related optical properties of deposited silver films evolve through well-
differentiated stages that were controlled by changing the number of laser pulses
and the ambient gas pressure. Selected experimental results on NP formation upon
fs ablation mainly of elemental targets are presented, highlighting the nature and
the dynamic properties of plasma constituents. The data are discussed in the frame
of current models and simulations to describe the mechanisms of ultra-fast ablation
relevant to NP synthesis.

7.2 Fundamentals

7.2.1 Plasma–Gas Interaction at Increasing Gas Pressure in ns
PLD: Experiments and Modeling

When a laser pulse is absorbed by a solid target, the irradiated surface under-
goes intense heating at a rate of the order of 1012 Ks�1 in most materials and
violent matter evaporation occurs: a high density, strongly anisotropic vapor cloud
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is formed, which lies just above the irradiated surface. Initially, the vaporized matter
behaves like a high pressure, high temperature, strongly collisional fluid interacting
with the laser radiation. An isothermally expanding plasma results up to the pulse
end. Heavy laser – plasma interaction, triggered by intense ionization of plasma
species, stimulates additional plume expansion. Particle ejection from the target
surface stops at the end of the laser pulse.

Both in vacuum and at low ambient gas pressure (up to about 1 Pa), plasma prop-
agation is similar to a supersonic free expansion with a linear relation between
the delay time and the position of plume front [11]. Ablation can be considered
as an extension of thermal desorption, monolayers being evaporated from the tar-
get surface one by one under quasi-equilibrium conditions. A condensation model
[12] explains the presence of nanoparticles in the plume, of which they are a minor
constituent.

When gas pressure increases, the collisions between the species ejected from
the target and ambient gas atoms slow down plume propagation and lead to shock
wave formation. The high density of the surrounding gas makes plume braking most
relevant in the direction normal to the target as compared to the radial directions.
Thus, the observed shape of the propagating plume rapidly tends to spherical. At
relatively low (below 10 Pa) ambient gas pressure, the initial plume expansion is
similar to that in vacuum [13], but at times longer than 1 �s at most, ambient gas
spatially confines the plume, and a slowing down of its front is observed [14]. At
larger times plume sharpens and its front shows an oscillatory behavior persisting
up to ambient gas pressures of a few tens of Pascal. Generally, the effect occurs at
earlier times with increasing gas pressure. At ambient gas pressures beyond about
102 Pa, plasma oscillations disappear.

In Fig. 7.1, pictures taken at the same delay times of C plumes ablated from
a graphite target allow for comparing propagation in vacuum (Fig. 7.1a) to shock
wave formation during expansion in N2 at a pressure of 13.3 Pa (Fig. 7.1b). The role
of ambient gas mass is clear from Fig. 7.1c, where the plume expands in a N2CAr
(1/9) mixture, at the same total pressure as for the propagations in Fig. 7.1b.

At intermediate gas pressures, between 30 and 50 Pa, plume sharpening is asso-
ciated to increasing confinement of the emission to plume front. In this pressure
range, the slowing down of plume front begins after a few microseconds and con-
tinues until a stationary behavior is achieved. At the same time, the rear edge of
the plume moves backwards towards the target. Such a behavior marks a transition
to a diffusion-like propagation of plume species through the ambient gas typical
of longer times, for pressures in the tens of Pascal range. During this stage, the
plume is characterized by important interpenetration of plasma species and ambi-
ent gas that leads to plume splitting, besides sharpening [15]. Ions and neutrals
split into two velocity populations. The faster group, which travels practically at the
same velocity as in vacuum, consists of particles that move through the ambient
gas nearly collision less. The dynamic properties of the slower, delayed population
result from the interaction between ablated species and background gas atoms. The
effect was observed by TOF distribution analysis of the ablated species and affects
both ions [16] and neutrals [17]. During the regime of mutual penetration of the
laser-generated plasma and ambient gas, a considerable fraction of kinetic energy is
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Fig. 7.1 ICCD fast photography pictures of C ablation plumes expanding from a high purity
graphite target irradiated with pulses from a KrF excimer laser (wavelength 248 nm, pulse width
25 ns, repetition rate 10 Hz, fluence 2.0 J cm�2). The bars mark the position of target surface. The
laser beam was focused at an incident angle of 45ı onto the target, placed on a rotating holder.
Ablation was carried out: (a) in vacuum (residual pressure better than 1 � 10�4 Pa); (b) in high
purity N2 ambient gas at 13.3 Pa; (c) in mixed N2CAr atmosphere, with pressure ratio 1=9, at
13.3 Pa total pressure. Notice the different evolution of plasma size and shape, indicating different
degrees of plasma confinement and the development of a shock wave (courtesy of Dr. S. Trusso,
CNR-Istituto per i Processi Chimico-Fisici, Sez. di Messina, Italy)

converted into heat, in turn increasing both gas and radiation temperature. At pres-
sures around 102 Pa, turbulence is observed in the decelerating plume front [18]. By
further increase of the gas pressure, the mutual penetration zone contracts and the
plasma front is compressed.

The above-illustrated path of propagation behavior of the ablation plume is met
independently of the specific combination target – ambient gas – process condi-
tions, although the pressure ranges typical of the different propagation regimes are
quite broad and not always the complete sequence of phenomena just discussed is
observed.

The interaction of the ablation plasma with an ambient gas is by far a more
complex gas dynamic phenomenon than an expansion into vacuum. The gas affects
plume dynamics and the spatial distribution, kinetic energy, and kinetic energy dis-
tribution of its constituents. As a consequence, cluster nucleation and evolution, as
well as cluster energy distribution in the plume are influenced.
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When the mass mg of ambient gas displaced from plume periphery is at least
comparable with plume mass Mp, we observe relevant deviations from free expan-
sion of the plume [12]. For a supposed hemispherical plume, the radius rp is related
to plume mass and gas pressure as

rp D Œ.3MpkBTg/=.2�mg/�1=3p�1=3
g ; (7.1)

with kB the Boltzmann constant and Tg; pg the ambient gas temperature and pres-
sure.

Considering the features of plume expansion, it is unrealistic to search for a single
model with general validity to accurately describe the whole above phenomenology,
and each analytical model is adequate to represent a specific expansion stage.

Historically, three analytical models, the drag model [19, 20], the shock-wave
model [12, 20], and the diffusion model [21] were introduced. Summarizing from
a recent review [22], drag model, particularly in its delayed version [20], fits well
the early plasma expansion stage, but when gas pressure and time exceed about
102 Pa and about 4 �s, respectively, plume velocity is underestimated. The plume is
expected to stop at a distance xst Š 4 – 5� from the target [23], with � D .ng
/�1

the mean free path of the ablated species in the gas, 
 being the relevant scattering
cross section. Therefore, beyond a lower threshold value, ambient gas pressure gives
rise to a nonlinear dependence of the position of plasma front edge on the distance
from the target. Shock wave model, again in the delayed version [20], fits experi-
mental data at large values of time and ambient gas pressure. The classical diffusion
model [21] systematically underestimates the distance traveled by the plume.

A few gas-dynamic numerical models [23–25] fit specific experiments, but their
applicability is limited by the specific validity of the required approximations and
the complexity of the mathematical treatments.

The analytical models just recalled offer a posteriori interpretations of experi-
mental data, yet they have no predictive capability concerning plasma dynamics, due
to their dependence on numerical fitting parameters. We now move to a two-stage
analytical approach that describes plume propagation under rather wide conditions.
We take into account that the high values of temperature and particle number densi-
ties in the first stage of plasma propagation [23], with the associated quasi-explosive
initial plume expansion, result in a Knudsen layer [26] where the leading con-
tribution is the particle flux velocity. We assume that the particles ejected from
the target, with a dominant velocity component directed normal to the surface,
undergo diffusive motion. This corresponds to diffusion through the ambient gas
whose effective number density neff is considerably reduced with respect to the
value ng deduced from gas pressure pg. In the resulting modified diffusion model,
the diffusion coefficient [27] is

D0 D K�v0 D Kv0.ng
/�1; (7.2)

where v0 is the ejection velocity from the target of the fastest group of ablated
particles. v0 is obtained from the initial slope of the measured distance – time curve
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for plumes produced and propagating under specified conditions. The choice of the
particle group with maximum flux velocity v0 instead of the usual thermal velocity v
of the particles is an ansatz of the model to enhance the relevance of flux velocity.
Although plume front slows down during expansion (see Figs. 7.2 and 7.3 below),
modified diffusion model fits reasonably well experimental data, particularly beyond
the initial plume expansion stage. This means that flux velocity indirectly affects
plume propagation also at comparatively large distances from the target.

For elemental C, Si, Sn, Ag, Ta, and W targets, literature data on the velocity
of expansion through different gases of UV laser-generated ablation plumes were
analyzed. The integer K values that better fit the data scale with the target atomic
mass, from K D 2 (light elements: C, Si) to K D 6 (intermediate mass elements:
Ag, Sn) to K D 8 (heavy elements: Ta, W). Thus, given the target mass, K value is
uniquely identified.

To reproduce the experimentally observed initial linear behavior of plume expan-
sion (see, e.g., [28] for C), drag model is most suited. We study for simplicity
a one-dimensional plume expansion along the principal plume axis x. When we
consider the diffusion dynamics of a fluid of classical particles in the presence of
viscosity, whose effect is embodied in a coefficient � [29] (� is a diffusion coeffi-
cient multiplied by time), with the initial conditions x.0/ D 0 and .dx=dt/.0/ D v0,
the position x(t) of an atom is

x.t/ D v0D0

�

�
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Fig. 7.2 Position x (full squares) of the front edge of carbon plumes propagating through N2 [28]
as a function of time. Dashed curve: diffusion model; dashed-dotted curve: modified diffusion
model; dotted curve: modified drag model. xst: stopping distance



138 P.M. Ossi and M. Dinescu

0.00

0.05

0.10

0.15

0.20

0.25

0.30

α 2 4 6 8 10 12

Xst

X
 (

m
m

)

t (μs)

Ta

Fig. 7.3 Model analysis of tantalum plume propagation through O2 vs. time [35]. General
information as for Fig. 7.2

Equation 7.3 describes modified drag model, where both the slowing down coef-
ficient b D �D0�1 and the stopping distance xst D v0D0��1 have a clear physical
meaning.

Initially, the number density na of the ablated particles is larger than ng, but the
fast plume expansion leads to the condition na D ng, corresponding to the formation
of a stable shock wave front and to a change of expansion regime. The inequality
na < ng is established in the body of the plume and ambient gas atoms are heavily
scattered by fast plume constituents (normally, positive ions) that are slowed down
and aggregate themselves with the slower particles initially grouped in the plume
body and tail.

The sequence of such complex phenomena is mimicked combining modified
diffusion and modified drag models that result in mixed-propagation model. The
unphysical discontinuity of plume propagation at xst coincides with the region
where the viscous slowing down of plume front leads to formation of a stable shock
wave front. At distances x < xst modified drag model holds, while for x � xst

modified diffusion model holds. The xst value is chosen according to the estimate
xst Š 4� [23] and it is calculated using the ng and pertinent 
 values.

At ambient gas pressure lower than 1 Pa, xst is often much larger than the usual
values of target to substrate distance xT�S (a few centimeters) and modified drag
model is adequate to describe plume dynamics.

Mixed-propagation model has been tested against literature data on the dynamics
of ablation plumes from different targets, propagating in different ambient gases
at various pressures [30–34]. The model offers a highly simplified description of
plasma expansion, but its easily accessible input parameters v0; 
; ng, and na make it
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Table 7.1 Collection of data from ablation experiments on C [28], Ta [35] and Ag [34]

Target � (nm) E(J cm�2) � (ns) xt�s (mm) pg (Pa) T (K) ng (cm�3)

C 248 38 20 50 30; N2 300 7:2 � 1015

Ta 532 5:0 6 30 20; O2 300 4:8 � 1015

Ag 248 2:0 25 35 10; Ar 300 2:4 � 1015

40; Ar 9:7 � 1015

100; Ar 2:4 � 1016

Table 7.2 Collection of parameter values for mixed-propagation model (see text)

Target < na >(cm�3) 
a�g(cm2) 
a�a(cm2) < v > (cm �s�1) tf (�s) xaggr (cm)

C 1:7 � 1017 7:4 � 10�16 1:5 � 10�15 4.5 1.8 2.5
Ta 5 � 1015 3:7 � 10�15 7:5 � 10�15 0.7 0.7 3.3
Ag10Pa 7:1 � 1014 3:8 � 10�15 3:7 � 10�15 0.5 0.8 0.7
Ag40Pa 1:4 � 1015 3:8 � 10�15 3:7 � 10�15 0.3 3.3 0.5
Ag100Pa 2:8 � 1015 3:8 � 10�15 3:7 � 10�15 0.2 7.4 0.4

useful to predict general trends of plume behavior. Here, we discuss the propagation
of C in molecular nitrogen [28], Ta in molecular oxygen [35], and Ag in argon [34].
In Tables 7.1 and 7.2 are collected data from ablation experiments and parameter
values used in mixed-propagation model, respectively.

In Fig. 7.2, data on the propagation of the front of carbon plumes in N2 (full
squares) [28] are compared with predictions of diffusion model (dashed curve),
modified diffusion model (dashed-dotted curve), and modified drag model (dotted
curve). The latter fits well the first stage of plume expansion. It predicts that plume
is stopped at xst. Diffusion model appears inaccurate. Its modified version well fits
the data at intermediate and delayed times, but slightly overestimates plume expan-
sion velocity in the neighborhood of the target. From a fit on available data [36, 37]
on carbon ablation with excimer lasers in vacuum, or at low ambient gas pressure,
over the energy density interval between 1 and 102 J cm�2, the initial velocity is
v0 D 5:2 cm �s�1. Mixed-propagation model successfully fits experimental data
on carbon plume expansion for different gas pressures and laser energy densities
(50 Pa, 12 J cm�2 [28]; 66 Pa, 6 J cm�2 [38]). Taking xst D 4�, an estimate for the
slowing down coefficient is obtained from b D v0.4�/�1. For C, K D 2.

In Fig. 7.3 are displayed the results of the fitting procedure to the expansion of
tantalum plumes in oxygen [32, 35], starting from optical emission spectroscopy
data. The v0 value used in the fits is 1.5 cm �s�1 [35] and K D 8. The trend of
the fits is similar to that discussed for carbon. No data are available on the early
plume expansion stage of Ta. Experimental data fall beyond the stopping distance
xst so that modified diffusion model is enough to describe plume dynamics. The fit
obtained by mixed-propagation model is of equivalent quality to that of the literature
analysis [35].

For silver fast photography pictures of the laser-generated plasma at several time
delays were analyzed: from a fitting on propagation distances traveled by plume
front versus time in the initial, linear plasma propagation stage v0 values of 1.11,
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1.04, and 0.86 cm �s�1 were obtained for expansions in Ar at 10, 40, and 100 Pa
[34]. The adopted K value is 6.

For the discussed targets, mixed-propagation model fits to experimental data are
of accuracy comparable, or slightly better than existing approaches. The model can
be applied to analyze data obtained for a wide range of ablation conditions and it
does not require fitting parameters, apart from K , whose value can be easily chosen,
as discussed. The results of mixed-propagation model are particularly useful as input
parameters to model the growth of nanoparticles in the expanding ablation plasma.

7.2.2 Nanoparticle Synthesis

We focus on low-energy landing (energy of the order of fractions of eV at.�1) of
plasma plume onto the substrate. In such conditions, the particles possibly carried by
the plume diffuse and aggregate together on the substrate surface [39] until, beyond
a critical degree of surface coverage, coalescence in larger NPs occurs. Such a depo-
sition path is attractive to produce CA materials that can “remember” the properties
of their precursor building blocks. In spite of being an important parameter, the
kinetic energy of the deposited species was rarely allowed for. In particular, the
kinetic energy of Au species was changed from several tens to fractions of eV at.�1

by adjusting gas pressure and target to substrate distance in PLD experiments [40],
but neither evidence of fragmentation nor of soft landing of the particles following
impact onto the substrate was reported.

CA Pt films deposited changing both the kinetic energy of the plume and the
number of laser pulses, thus changing the degree of substrate coverage with NPs,
were later observed by STM [41]. The average particle diameter increases with
increasing film thickness, following a power law with an exponent similar to that
observed for metals grown by MBE. This is taken as evidence that NPs grow on the
substrate by surface diffusion of the deposited material.

Nucleation and growth up to a critical particle size, followed by coalescence and
coarsening at large degrees of substrate coverage drive the growth of Cu nanocrys-
tals with size below 10 nm synthesized in nanocomposite films deposited by PLD
in argon at low pressure, not exceeding 0.66 Pa. At higher ambient gas pressures,
up to 13 Pa, again nucleation and growth mainly occur at the substrate, but the
reduced surface mobility inhibits the coarsening stage, so that highly anisotropic
nanocrystals form [42]. The same scheme of NP growth was reported for Fe/Mo
[43], Fe/Cu(111) [44], and Au in amorphous Al2O3 layers [45].

By contrast, in a careful analysis of the growth of silicon NPs with narrow size
distribution [46], plasma spectroscopy shows that NP nucleation and growth occurs
in the expanding ablation plume. A more recent deposition and modeling study
[25] confirms that Si NPs are nucleated and grow in the plume. Ionization pro-
cesses occurring when plume propagates through an ambient gas result in very high
nucleation rates and small cluster critical radii. The synthesis of C NPs in plumes
expanding through He and Ar atmospheres up to pressures as high as 1 kPa was
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reported and modeled [30], again keeping into account the relevant role of ionization
phenomena in the interface region between the shock wave front and the ambi-
ent gas [47]. Cluster-assembled W films were deposited in different atmospheres
and pressure ranges [48]. The surface morphology, bond coordination, and oxida-
tion path of the deposited films, both when exposed to ambient atmosphere and
when synthesized in dry air, were systematically studied and complement a detailed
HREM analysis of structure, size, and morphology of the deposited clusters [49].
Ag nanoparticles were synthesized in a controlled way in He [50] and Ar [34] over
wide pressure ranges. Scanning and transmission electron microscopy images of the
samples show that they belong to CA materials. Both the growth path followed by
the films, as revealed by the surface morphology and the measured NP sizes, convey
a coherent picture whereby NPs form in the expanding ablation plume.

In the framework of this picture, using the parameters calculated in the analysis
of plasma propagation by mixed-propagation model, the average NP asymptotic
size, which is the number N of constituent atoms in a particle that reached a steady
state during plume propagation, is evaluated.

It is commonly observed that NP formation proceeds through the steps of nucle-
ation, growth, and cooling [51]. The presence of an ambient gas requires solving a
set of hydrodynamic equations for plume expansion, including vapor condensation.
Such an approach is out of the present calculation capability. We assume an initial
seed population of tiny clusters [52] in the propagating plume. Their existence is
most likely, given the high ionization degree of the plume and the ion tendency to
be surrounded by neutral atoms [25]. For given ablation conditions (see Table 7.1
for the examples discussed here), the average asymptotic number N of atoms in a
NP that attained a steady state during plume expansion is calculated in the ideal gas
approximation. The plume experiences a range of internal pressures and is spatially
inhomogeneous, so that growing NPs at different stages of evolution coexist in it;
yet we consider averages over long times. N is given by

N D .hnai � 
a�a � hvi � tf/ � .ng � 
a�g � hvi � tf/ � xT�S � x�1
aggr (7.4)

when the target to substrate distance xT�S is shorter than the distance xaggr over
which NPs grow in the expanding plasma and

N D .hnai
a�ahvitf/.ng
a�ghvitf/; (7.5)

when xT�S is larger than xaggr.
In both equations, the distance xaggr traveled by the plume during particle growth

is deduced from optical emission data, considering the relevant species in the plume
(such as TaO, for Ta ablation [35]). When such data are lacking, we adopt the
relation [22]

xaggr D 6p�1=5
g : (7.6)

Equation (7.6) gives an upper limit for the value of xaggr. The monotonic dependence
of particle size on pg in (7.6) agrees with a number of results on Si [4, 25], in turn
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well fitted by mixed-propagation model [32]. Yet we notice that the size of Si NPs
grown in helium at pressures as high as 1 kPa shows a peaked dependence on gas
pressure, with a maximum at about 600 Pa [53]. The choice of the value of xaggr is a
delicate point of mixed-propagation model, as we noticed when the measured sizes
of dispersed silver nanoparticles deposited on suitable TEM grids were compared
to the calculated values obtained by the model [34]. An excellent agreement was
found choosing xaggr as the distance at which the absolute plasma luminosity decays
by three orders of magnitude with respect to the initial value. It is likely that at such
a distance from the target, the plasma is non-collisional, so that at xaggr, the NPs in
the plume reached a steady size.

In (7.4) and (7.5) the particle formation time tf is the time needed by the plume
to travel the distance xaggr. The average number density of ablated atoms < na > is
obtained from the ratio between the number of ablated atoms per pulse and the vol-
ume of the plume, deduced from fast imaging pictures of the plume taken both near
the target and at a distance from the target around xaggr. Increasing < na >, the col-
lision rate between ablated atoms increases, while increasing ng, the plume becomes
more confined. Both trends favor NP formation and growth. 
a�a and 
a�g are the
geometric cross sections for ablated particle – ablated particle and ablated parti-
cle – gas atom binary collisions. A unity sticking coefficient is assumed. Although
both for ambient gas atoms and for ablated species velocity distributions should be
considered, the velocity v0 for ablated particles and the average velocity vg for gas
atoms, as deduced from the gas temperature, are assumed. The average between vg

and v0 is taken as the representative average velocity < v > of plume particles,
being the impact velocity in a binary collision between a slow gas atom and a fast
plume particle. With this choice, an important role in particle formation is attributed
to the fastest group of ablated particles. When < v > increases, the time interval
between two subsequent collisions decreases, thus increasing the rate of NP growth.

In both (7.4) and (7.5), the first term (< na > �
a�a� < v > �tf) yields cluster
growth and is proportional to the scattering probability between ablated particles,
while all the mechanisms resulting in slowing down and confinement of the plume
are embodied in the second term (< ng > �
a�g� < v > �tf), which is proportional
to the scattering probability between ablated particles and gas atoms.

In the first stage of plume propagation, atoms mainly aggregate together and NPs
grow. Beyond the distance xaggr, particle cooling, both by a dominant evaporative
and by a less effective collisional mechanism, balances particle growth. The term
xT�Sx�1

aggr in (7.4) and 1 in (7.5) takes into account the competition between growth
and cooling mechanisms in a particle, by avoiding an indefinitely persisting, unphys-
ical particle growth when the plume propagates over large distances, as described
by (7.4).

The phenomenological model we just described for NP growth in the expand-
ing ablation plasma is highly simplified. The contrasting experimental results on
Si, the only material whose behavior was studied with some detail, although not
exhaustively, indicate that the dependence of xaggr on laser fluence and on ambi-
ent gas nature and pressure is a complex one. This suggests that our understanding
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Table 7.3 Asymptotic number of atoms per NP, N and average NP diameters, d calculated with
mixed-propagation model. For comparison, available NP diameters measured by TEM are reported

Target pg (Pa) N dth (nm) dexp (nm)

C 30; N2 5:5 � 104 10 5 � 10 [30]
Ta 20; O2 9:6 � 104 17 –
Ag 10; Ar 15 0:7 0:9 � 1:7 [34]
Ag 40; Ar 158 1:7 1:8 � 2:2 [34]
Ag 100; Ar 2:34 � 103 4:1 4 � 7 [34]

of the combined effect on particle formation of the parameters that drive plume
propagation is far from being complete.

The model of NP growth was applied to evaluate the average asymptotic size of
NPs grown in ablation plumes of C, Ta, and Ag, propagating under the experimental
conditions listed in Table 7.1. Parameter values for mixed-propagation model from
Table 7.2 were used in the calculations. In all cases, xT�S is larger than xaggr, so
(7.5) holds. The average number of atoms per particle N is reported in Table 7.3
together with the average diameter of spherical NPs: in the calculations, we used
packing efficiency � D 0:67 for close-packed noncrystalline structures, based on
NP structure from electron diffraction patterns taken on samples observed by TEM.

From Table 7.3, there is a reasonable agreement between calculated and observed
NP sizes, when available. The effectiveness of gas pressure to NP growth is evident
in the case of Ag films pulsed laser deposited keeping identical all other process
conditions.

Thus, although blind with respect to the detailed interaction mechanisms among
particles in the ablation plasma that propagates through the ambient gas, mixed-
propagation model appears to have a degree both of interpretative and of predictive
ability concerning NP growth in the expanding plasma produced by a nanosecond
laser pulse.

7.2.3 Controlled Deposition of 2D Nanoparticle Arrays:
Self-Organization, Surface Topography, and Optical
Properties

We now discuss the synthesis and deposition of silver NPs produced by laser abla-
tion in a controlled inert gas (Ar) atmosphere to show up to what extent is it possible
to manage the deposition of a spatially organized two-dimensional arrangement of
NPs with controlled properties (size, size distribution, number density). Selected
physical properties of the obtained film can thus be tailored. As an example, the
position and the full width at half maximum (FWHM) of the surface plasmon reso-
nance of the Ag films is considered. Our study combines an investigation of plasma
expansion dynamics by fast photography imaging with the modeling of NP growth
by mixed-propagation model and with electron microscopy observations, both SEM
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Fig. 7.4 Representative pictures of a silver film deposited at pAr D 10 Pa showing: (a) the surface
morphology (SEM); (b) the nanostructure (TEM) [34]

Fig. 7.5 Representative pictures of a silver film deposited at pAr D 100 Pa showing: (a) the
surface morphology (SEM); (b) the nanostructure (TEM) (adapted from [54])

and TEM of the morphology and nanostructure of the deposited films, whose optical
properties were tested by UV-vis spectrophotometry [34, 54].

For all depositions, the number of laser pulses was fixed at 10,000 and the pro-
cess was stopped before the substrate surface were completely covered. In Fig. 7.4
are shown representative SEM (Fig. 7.4a) and TEM (Fig. 7.4b) pictures from the
sample deposited at the lowest pressure pAr D 10 Pa. Film morphology consists
of silver islands with smooth rounded edges, with typical size in the range of few
tens of nanometers. The elongated shape of most of such islands indicates that they
result from coalescence of definitely smaller, nearly spherical particles, some of
which can be still observed as isolated NPs on the film surface. A similar morphol-
ogy is observed in the sample grown at pAr D 40 Pa. The TEM picture in Fig. 7.4b
clearly shows structures resulting from a coalescence process. Besides them, in the
circular, near-center region of the image, spherical, isolated NPs with the smallest
size visible to the naked eye are visible. The spatial density of the latter is low, prob-
ably due to the shadowing effect of a big spherical droplet that masked a portion
of the substrate during part of the deposition process. We conclude that in the films
deposited at the lower ambient gas pressures, the adopted number of laser pulses
results in a particle density on the substrate surface large enough that aggregation of
small NPs occurs, giving rise to coalescence into the observed big NPs besides the
smaller spherical ones.

Turning to the surface of the sample grown at pAr D 100 Pa (Fig. 7.5a), it is
mostly covered by a random distribution of isolated sphere-like NPs. There is
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no evidence for a coalescence process. In a film grown at pAr D 70 Pa, a simi-
lar morphology is observed [54]. In the corresponding TEM picture in Fig. 7.5b,
only near-spherical, small NPs are visible, most of them having size, evaluated by a
counting software [55] in the range between 3 and 5 nm; some particles composed
by two or more smaller spherical NPs can be observed. In Fig. 7.5b, three regions
can be discerned. The black circular area is a micrometric droplet ejected by the
liquefied target surface by pressure recoil that gently landed on the substrate surface
during NP deposition. The arrows indicate the boundary between a crescent-shaped
area, adjacent to the droplet on the left side, and the remaining sample area. Both
these zones are covered with isolated, small, spherical NPs with quite narrow size
distribution. Within the crescent, the NP number density is evidently lower than in
the remaining area. The gradient of NP number density on moving away from the
droplet indicates that it severely shadows a fraction of the particle flux directed at
the substrate, the mechanism becoming less and less relevant on moving away from
the center of the normally projected droplet shadow. Thus in a single picture, we
look at snapshots of film growth at different times. The same reasoning holds for
Fig. 7.4b. In the early stage of deposition on the substrate isolated, nanometer-sized
particles are present. With increasing deposition time, NP size increases until they
begin to coalesce, giving rise to larger islands that lose spherical symmetry, until
lastly a percolated structure results.

It is noticeable that in the films deposited at high Ar pressures, the shape of nearly
all NPs is sphere-like. For the films deposited at lower gas pressures, where particle
coalescence dominates, only a minor fraction of spherical particles was identified.
NP sizes reported in Table 7.3 refer to such particles.

In all the above films, most likely NPs of size near those calculated by mixed-
propagation model constitute the building blocks from which kinetics and, to a lower
extent, thermodynamics drive the formation of a CA film, as shown by the discussed
morphology.

While mixed-propagation model that is based on the kinetic gas theory nicely
predicts NP size, it does not include the kinetic evolution of mutually interacting
particles on the substrate. However, some observations are in order. In particular, the
adsorption energy of Ag on most substrates is low, so that also the initial sticking
probability is low [56]. Thus most likely, Ag films grow according to the Volmer–
Weber scheme, forming three-dimensional islands. The observed coalescence in the
films deposited at low Ar pressure can be explained because, at fixed number of laser
pulses, the number of Ag NPs impinging on the substrate increases with lowering Ar
pressure. Both the progressive increase in NP areal density and the corresponding
decrease in NP number density support this picture.

The well-differentiated morphologies of the deposited Ag films, thereby clus-
tered NPs are found at pAr D 40 Pa, while slightly increasing the pressure up to
pAr D 70 Pa a population of isolated NPs results open the way to obtain nanostruc-
tured metal films with finely tuned optical properties. In noble metals, a surface
plasmon resonance (SPR), resulting from the coherent oscillation of surface elec-
trons excited by an electromagnetic field, can be observed. In isolated Ag NPs with
size of few nanometers a SPR peak is observed at about 400 nm [57]. The position
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Table 7.4 Position !p and FWHM of the plasmon resonance peak for Ag films deposited with
different process parameters. The films consist of NP arrays whose observed morphologies are
reported

pAr (Pa) Laser pulse # !p (nm) FWHM (nm) Film morphology

10 10,000 632 >630 Percolated
40 560 336 Clustered NPs

100 440 150 NPs

and shape of the SPR peak critically depend on NP size, shape, and spatial distribu-
tion [58, 59]. Thus, a fine control of the morphology of a nanostructured thin film
allows controlling its optical properties. In Table 7.4 are reported both the position
(!p) and the FWHM of the SPR peak of samples deposited at different Ar pres-
sures. Keeping fixed the number of laser pulses and decreasing pAr from 100 down
to 10 Pa, the plasmon position red shifts from 440 to 643 nm while its width progres-
sively increases from 150 nm up to more than 650 nm. Such trends indicate that the
films deposited at low ambient gas pressure no more consist of isolated, spherical
NPs, as confirmed by SEM and TEM pictures.

Thus, in the case of silver deposition, with the adopted parameters, playing with
ambient gas (Ar) pressure, a qualitative change in the strategy of self-assembling of
NPs on the substrate occurs and involves coalescence. The trend of the measured
SPR of the films shows that it is possible to finely tailor the nanostructure of this
family of films and concurrently their optical properties.

In conclusion, our comprehension and control of the key mechanisms of NP
synthesis by ns laser ablation in an ambient gas is moving towards the stage of iden-
tifying experimental conditions suitable to deposit on a substrate arrays of dispersed
NPs with predefined size and composition. This is a requisite to finely control the
physicochemical properties of such NPs in the frame of a bottom-up strategy.

7.3 NP Formation in Femtosecond PLD: Experimental Results
and Mechanisms

The morphology, composition, and nanostructure of films synthesized by femtosec-
ond (fs) PLD of a solid target significantly differ from those of films obtained with
ns laser pulses. In most cases, we find random stackings of nanoparticles whose
sizes lie between 10 and 100 nm [2] and quite narrow size distributions [10]. By fs
ablation, NPs of several elemental materials were obtained in an efficient and chem-
ically clean way. Besides simple (Al [5, 60]), transition (Ti [2, 7], Ni [61]) noble
metals (Cu [10, 60], Au [10]) and semiconductors (Si [62]), also compounds even
with complex stoichiometry were synthesized as NPs. We mention MgO, BaTiO3,
GaAs [62], TiOx [7], Ru2B3, and RuB2 [63]. The composition of the deposited NPs
in relation to that of the target is a still poorly investigated, nontrivial problem, in
particular when traces of reactive gases such as oxygen are present in the deposition
chamber [64].
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Parallel to film deposition attention was focused to plasma analysis, mainly con-
sidering the emitted signals that characterize the species escaping from the target,
ions, neutrals, and NPs. Pairs of ultrashort, time-delayed pulses were recently used
to change the relative proportions and kinetic energies of ions and neutrals with
respect to the preformed plasma, thus influencing NP production. The accumulated
wealth of data are useful to model the dynamics of plume formation and the early
stages of expansion, to identify mechanisms of particle synthesis whose relative
weight as a function of irradiation conditions is discussed, often taking the deposited
laser fluence E as the reference experimental parameter.

Two conceptual schemes are presently adopted to explain NP synthesis: direct
cluster ejection from the target as a consequence of material disruption by a laser-
induced explosion-like process, or aggregation in the flying ablation plume via a
collisional mechanism [65]. Available models and simulations take care of the fea-
tures of fs pulse interaction with solid matter, namely an initial ultrafast heating
without changing matter density, followed by a very rapid expansion and cooling.
Just this sequence is at the roots of NP formation. According to the results of hydro-
dynamic simulations [66, 67], a thermal wave is followed by a pressure increase
and a propagating shock wave. Molecular dynamics (MD) simulations [65, 68] put
into evidence mechanisms such as phase explosion, fragmentation, evaporation,
and mechanical spallation. Important quantitative discrepancies are found when
model predictions are compared with experiments, even considering the very abla-
tion depth. This is an indication that ablation mechanisms and their relative weight
for various fluence ranges are still partly unknown. In the following, we focus on a
selection of reliable results and concepts concerning NP synthesis by ultrafast laser
pulses.

Detailed analyses of the ablation plasma produced by ultrashort pulses were
conducted mostly on elemental targets irradiated with light visible to near-IR at
fluence values ranging from intermediate to modest and laser intensities between a
few 1012 and a few 1014 Wcm�2. By the time of flight mass spectrometry (TOF-
MS), both plasma constituents and their velocity distributions were determined for
Si [69]. When fluence is large enough, being above the ablation threshold, the
velocity distribution is a full-range Maxwellian whose center-of-mass velocity is
attributed to collisions in the Knudsen layer. In metals, Ti being the prototype, again
by TOF-MS two components are found in the ion velocity distribution at rather low
fluence; kinetic energies of TiC ions in the keV range are taken to indicate that
Coulomb explosion could significantly contribute to ablation [70]. Recently, time
resolved optical emission spectroscopy (OES) was coupled with fast imaging of the
expanding plasma: in Fig. 7.6, images of plasmas produced irradiating the same Si
target with ns and fs pulses are compared to each other at comparable delays.

In some cases, the size and size distribution of the deposited dispersed NP pop-
ulations were measured by atomic force microscopy (AFM). Basically, the same
picture emerges: at very short delays, a plume propagates normally to the target
with narrow angular aperture. According to OES, the constituents of such a plasma
are atomic species, both ions and neutrals. Velocity measurements show that ions
are always faster, with velocities of a few 104 ms�1, due to their strong coupling to
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Fig. 7.6 ICCD fast photography pictures of ablation plumes from a silicon target irradiated in vac-
uum with (a), 25 ns pulses, � D 248 nm (b), 100 fs pulses, � D 620 nm (adapted with permission
from [64])

electrons that escape first from the target, while atom velocities are about one order
of magnitude less. Data are available for Ti [2,71], Zr, Hf [71], Au, Cu [10], Al [60].
In the latter study, plasma expansion was analyzed via space- and time-resolved
X-ray absorption spectroscopy, monitoring the energy shifts and modifications of
the Al LII;III absorption edge, similarly to an earlier investigation on Si [62].

At delays of the order of microseconds, a second plume with considerable angu-
lar aperture and rather low velocity, from a few 102 to a few 103 ms�1, is observed.
A typical blackbody spectrum, obtained by OES, leads to consider NPs as the con-
stituents of such a plasma [2, 7, 10, 71]. Whenever film nanostructure was analyzed,
SEM or AFM show random distributions of NPs [2, 10, 61]. In these studies, care
was taken of depositing a submonolayer to avoid cluster self-organization on the
substrate, most likely resulting in coalescence. Since the above observations are
independent of the chemistry of the target (metal, semiconductor), the production of
NPs appears to be associated to fs ablation.

The reported velocities of the different species are nearly constant up to con-
siderable distances from the target (from 1 mm to centimeters [2]). Qualitatively,
the ratio between atom/ion and cluster velocities is correctly reproduced in a
direct simulation Monte Carlo (DSMC), where MD results were used as input
parameters [72].

For both Au and Cu [10] atom velocities, measured as a function of the fluence,
increase near the ablation threshold Et, presumably due to the increased quantity of
ablated matter and the related changes in the adiabatic expansion stage, while NP
velocities decrease near Et, due to changes in their size distribution. The velocities of
both populations are nearly independent of fluence at values larger than Et, showing
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that in the initial plasma expansion, the average temperature of ablated matter is
almost independent of E.

Defining atomization as the direct transformation of target material into the gas
phase [73], both in Au and in Cu, the measured ablation efficiency is maximum at
the fluence ENP where atomization is minimum. Afterwards increasing E atomiza-
tion slightly increases [10]. Such a strong correlation is explained in terms of the
higher energy cost of atomization, compared to NP production. The ENP value is
associated to target heating regime. At fluences larger than the ablation threshold
Et, matter escapes from layers below the target surface that are progressively deeper
and colder, so it cannot be energized enough to be fully atomized and a mixture
gas – NPs (liquid) escapes from the target. As the ablation efficiency is much higher
than the value expected for thermal vaporization (pure atomization), a considerable
fraction of NPs is likely to be ejected directly from the target.

The shape of the deposited NPs is sphere-like and they belong to two distinct
populations [10]; the smaller-sized particles are supposed to be directly ejected from
the target. The size distribution of the larger particles scales as r�3:5; r being their
radius. This distribution is observed when a mechanism of fragmenting collisions
dominates; thus, such NPs are expected to result from in-plasma collisional sticking.

Some attempts were made at manipulating plasma constituents with a delayed
fs [2], or ns [61] pulse, playing also with the delayed pulse wavelength [61]. In
particular, irradiating Ni with UV fs pulses with � D 263 nm, the average diameters
of deposited dispersed NPs measured by AFM are nearly half of those resulting
upon irradiation with identical pulses, with doubled wavelength � D 527 nm. In
both cases, particle size is independent of the laser fluence, up to 1 J cm�2. When a
further ns-UV pulse intercepts the ablation plasma at different delays, changes are
caused in the size distribution of the deposited NPs. At fixed intermediate fluences
(about 0.5 and 0.4 J cm�2; respectively) of the fs and ns pulses, NPs shrink, the
effect being more marked at shorter delays. The result suggests that in the expanding
plasma, NPs group together as a function of their size, the smaller ones traveling
ahead of the bigger ones.

It is to be mentioned that at very long delays, of the order of tens of microsec-
onds, when irradiation is performed at high fluences (about 10 J cm�2 and higher),
droplets can be visible to the naked eye due to their luminous trajectories. Whenever
such debris are observed, their fingerprint are micron-sized particles lying on the
surface of the deposited films, evident in SEM pictures [62]. The difference in size
and velocity between such species and NPs indicates that droplets are not “giant”
particles, nor the two species are likely to be produced by the same mechanism.
Stress confinement in the target, associated to ultrashort pulses was proposed as
their origin [65].

Irrespective of the target nature, a scaling among thresholds in laser fluence
holds thereby the thresholds for atomic, Ea and nanoparticle, ENP, emissions are
comparable, both being lower than the value Ed for droplet emission [64]

Ed > Ea � ENP: (7.7)
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The main experimental results on NP synthesis can be correlated with reasonable
agreement to simulations of target behavior under fs pulse irradiation. MD indicates
[65] that at high deposited fluences, the main mechanism responsible for material
expulsion from the target is phase explosion of matter heated above the thermo-
dynamical critical temperature Tc. The surface region decomposes into a foam of
interconnected liquid regions, containing gas molecules, liquid droplets, and small
particles. At increasing depth from the target surface where matter decomposition
occurs and thus in regions where the degree of overheating is progressively lower,
the liquid fraction increases and big droplets form in the tail of the ablation plume.
NPs segregate in different regions of the expanding plasma depending on their size,
the smallest ones being grouped in the front region, while medium-sized ones are
found in the middle. Two particle populations are consistently found, the smaller
ones being ejected in the explosive decomposition of matter into liquid and vapor,
while the larger ones result from decomposition and coarsening of the transient
interconnected liquid regions.

Combining smaller scale MD and larger scale DSMC techniques, two channels
of NP production are identified, namely direct ejection following laser–matter inter-
action and collisional condensation-evaporation in the propagating ablation plume
[72]. The processes belonging to the first channel include, besides phase explosion,
photomechanical spallation and fragmentation; such volume mechanisms produce
small particles and atoms/ions.

Gas-phase collisional sticking and evaporations are the processes belonging to
the second channel. They resemble those occurring in aggregation sources [74] and
are favored by the huge number of seed molecules and small particles in the laser-
generated plasma.

Femtosecond Al ablation was investigated in a one-dimensional hydrodynamic
numerical model [73] exploring the relative weights of different decomposition pro-
cesses. Moving from a thermodynamically complete equation of state, the time
evolution of heavy particles is followed on a temperature-density (T-
) phase dia-
gram, taking into account matter slices lying at different depths below the target
surface. Ablation mechanisms are compared to each other as a function of the laser
fluence E, allowing for interplay between the kinetic lifetime of the metastable liquid
state and the time needed to induce mechanical fracture of the material. Atomiza-
tion requires the highest initial temperatures, attainable only in a near-surface thin
layer, not exceeding 15 nm, so that only a small fraction of matter is ablated via this
mechanism. A metastable liquid state forms at depths between 20 and 30 nm where
the thermodynamical critical temperature is reached and phase explosion occurs,
but also this thermal mechanism involves a limited amount of material. Indeed the
molten layer is much thicker, but most particle trajectories, although entering the
metastable liquid region, reach temperatures below Tc. Matter persists for compar-
atively long times in a metastable state and mechanical effects prevail over thermal
ones, leading to decomposition into droplets and chunks.

The fractions of material ablated by the above mechanisms depend on target
nature and laser fluence E. At low E, target melts; with increasing fluence, material
fragmentation [65] occurs, then mechanical and thermal mechanisms coexist, until,
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at large E values atomization, phase explosion and mechanical decomposition take
place at different depths in the target; the latter mechanism dominates in Al in the
interval 0.1–5 J cm�2.

Thus, we have evidence that ablating a solid target with ultrashort laser pulses
several different thermodynamic paths in the temperature–density phase diagram of
the irradiated material are followed, depending on the maximum attained tempera-
ture. The initial conditions experienced by the target uniquely determine the nature
of the constituents of the ablation plasma and their relative abundances. Simulations
indicate the ablation mechanisms and their dependence on the laser fluence, offering
a picture of the process in qualitative agreement with experiments.

In conclusion, ultrashort laser pulses offer an efficient and clean way to synthe-
size NPs in vacuum. Although most of the systematic investigations were devoted
to elemental systems, the basic mechanisms of laser–matter interaction have been
identified, although their relative relevance to ablation is still under debate.

7.4 Applications

Lasers have been widely utilized in metallic materials machining since the early
1970s as well as in machining nonmetallic materials such as ceramics, plastics, vari-
ous composites, and semiconductors (e.g., silicon, silicon carbide, etc.) for a number
of industrial applications. The ability of lasers, especially pulsed lasers, to precisely
machine micron and submicron features in otherwise difficult to machine materi-
als such as ceramics and semiconductors has stimulated a rapidly growing interest
in understanding the parameters controlling the limits and the capabilities of this
process. Micromachining by laser ablation has become an alternative to other tradi-
tional micromachining methods such as photolithography. One reason is the recent
developments in laser micromachining that have improved the ability to achieve
well-defined 3-D structures at the micrometer scale. Situations suitable for laser
micromachining are, for example, when the substrate material cannot be removed
by etching (wet or dry) or when the substrate geometry is a complex one.

A large number of studies have been devoted to investigate laser-based microma-
chining that covered the different aspects of the machining process and the physics
of laser–material interaction. The development of femtosecond (fs) lasers and their
initial application to the machining of a variety of materials has created strong
interest in their micromachining potential.

Current reasoning (see Sect. 7.3) suggests that the pulse duration of a femtosec-
ond laser is so short that there is not sufficient time for any of the pulse energy to
be distributed to the substrate in the form of heat. Thus, particularly for low pulse
energies, there should be no heat-affected zone (HAZ) resulting from the processing.

This is in direct contrast to nanosecond (ns) machining, which has an associated
HAZ. The magnitude of the HAZ is a direct result of the machining parameters and
can be minimized for nanosecond micromachining. However, the HAZ is only one
aspect of how a material is altered during the machining process. It is important also
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Fig. 7.7 Optical set-up for
the laser machining [75]

to look at the stresses induced as a function of laser parameters. The optical set-up
is simple (Fig. 7.7), involving a beam expander system (only if an ns laser is used).

We will briefly review some possible applications of laser processing. Lasers can
be used for microdrilling, fine cutting, etching, thin films deposition, reshaping, etc.
The pulsed lasers reported for being used for micronanomachining are working in
nanosecond and femtosecond regimes. For the nanosecond lasers, there have been
studies with excimer lasers, Nd:YAG, CO2 [76–78]. There is an increased interest in
using femtosecond lasers in micromachining, because of the high energy densities
that can be obtained [79].

7.4.1 Direct Writing

Brodoceanu et al. [80] report on laser-induced patterning performed by “direct writ-
ing” (see Chap. 8 for a detailed description), where the laser light is just focused onto
the substrate, by projection of the laser light through a mask, by direct-contact mask,
or by the interference of laser beams. Nanoholes on Si(100) wafers were fabricated
by using femtosecond Ti:sapphire laser radiation. A monolayer of amorphous sil-
ica microspheres of 150 nm radius is directly deposited onto the Si wafer by using
a commercially available colloidal suspension. Figure 7.8 is an AFM image of the
patterned Si substrate. A single pulse of 300 fs was used, at 266 nm. The fluence
was 15 ˙ 3.5 m J cm�2. The microspheres have a hexagonal lattice structure, and
the distance between the holes represents the diameter of the spheres. The diam-
eter at FWHM (full with at half maximum) is around 60 nm and the depth 6 nm,
approximately.

7.4.2 Laser LIGA

An indirect way to use laser for microstructuring is called Laser-LIGA. This is a
replication technique. It is a relatively low cost alternative to classic LIGA (using
sichrotron radiation), if it is used in parallel mode. Laser LIGA makes use of the



7 Creating Nanostructures with Lasers 153

Fig. 7.8 Nanoholes
fabricated on silicon by a
single shot [80]
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ablation of polymers (usually PMMA) followed by metallization (often with Ni or
Cu). The typical processes are presented in [81] by Arnold et al. (Fig. 7.9). The
main advantage of using Laser-LIGA is the fact that almost any geometry can be
obtained and there is no need of masks, in most cases. The disadvantage is the fact
that surface quality is better for X-ray lithography, and the maximum aspect ratios
(up to 10) are considerably lower.

7.4.3 Laser Etching

Laser-assisted chemical etching is a method used for producing 3D structures into
substrates. The laser light is used to activate a photochemical reaction. On the one
hand, the laser activates the material, and on the other hand, it excites the etchant.
The experiments can take place at atmospheric pressure.

Kazuyuki Minami et al. in [82] used a continuous wave Nd:YAG laser with
a Q-switch unit for laser-assisted etching (LAE) of silicon. The laser worked in
continuous mode because Q-switched created particles around the etched area. As
etching gases, HCl, SF6, NF3, and CF4 were investigated. The authors noticed that
the pC-Si can be heated and etched faster than the n-Si substrate. When the etching
took place in the presence of HCl and in NF3, there was no particle formation or
redeposition. Al structures were etched in HCl, but they were not in NF3.

Armacost et al. [83] used excimer laser at 193 nm to etch polysilicon in CF3Br,
CF2Cl2, and NF3 atmosphere. There was almost no etching with CF2Cl2, some
etching with CF3Br, and smooth profiles were obtained with NF3.
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Fig. 7.9 Laser-LIGA
processes [81]

Barada K. Nayak in [84] reported the etching of silicon and germanium after irra-
diating with femtosecond laser in sulfur hexafluoride (SF6) and hydrogen chloride
(HCl). Features with size in the nanometer range have been obtained. Figure 7.10
presents SEM images of structures formed in silicon surface by 240 laser pulses of
130 fs duration, at 0.6 J cm�2 in 40 kPa of (a) SF6 and (b) HCl.

7.4.4 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is particularly interesting due to its versatility in the
deposition of materials, even with a complex stoichiometry [4]. PLD in vacuum
permits to produce films assembled atom by atom, achieving even epitaxial growth
in particular conditions (e.g., with heated substrates).

In the presence of a suitable background gas pressure, laser ablation may result
in cluster formation during plume expansion. In the synthesis of nanostructured
thin films, the characterization of the growth processes plays a fundamental role
for the control of the film and surface properties. In particular, when the deposition
technique is based on the production and assembling of nanoparticles-clusters, the
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Fig. 7.10 SEM images of structures, formed in a silicon surface by 240 laser pulses of 130 fs
duration, at 0.6 J cm�2 in 40 Pa of (a) SF6 and (b) HCl [84]

characterization of the precursor size distribution as well as of the first stages of film
formation is of fundamental importance (see Sects. 7.2.2 and 7.3).

Factors influencing the laser ablation process include the laser beam parameters,
such as wavelength, energy, or fluence, and pulse length, the material properties of
the target, such as melting temperature, thermal diffusion rate, optical reflectivity,
and the ambient, whether a gas, or a liquid. By the correct combination of these
parameters, it is possible to implement surface features with a complex 3-D geom-
etry on virtually any material surface, and by choosing a specific micromachining
environment, for example, vacuum, gas, or liquid with appropriate composition, it
is possible to control the laser-induced chemical changes of the material surface.

A typical PLD set-up is described in Fig. 7.11. This consists basically of four
components: a laser, a reaction chamber, a target, and a substrate. When the depo-
sition takes place in chemically reactive gas, the ablated substance reacts with the
gas molecules, and the film can differ completely from the starting material. This
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Fig. 7.11 Standard PLD set-up

method is called reactive pulsed laser deposition and is sustained by the fact that the
ablated species are highly reactive and have energies between 1 and 20 eV.

Uniform ablation of the target is obtained through its rotation and translation
with respect to the laser radiation. The distance between the target and substrate is
generally of a few centimeters. The film uniformity can be improved if the substrate
is moved with respect to the plasma direction, for example, rotating eccentrically
the substrate holder.

The substrate temperature is a very important parameter for the morphology,
microstructure, and crystallinity of the deposited films. For a good control of the
temperature, thermocouples are placed under the substrate.

Nanoparticles play an important role in a wide variety of fields including
advanced materials, biomedical field (sensors for disease detection (quantum dots),
programmed release drug delivery systems), and environmental (clean up of soil
contamination and pollution, biodegradable polymers, treatment of industrial emis-
sions), electronics, pharmaceuticals, etc. Embedding nanoparticles in a matrix,
complex compounds with tailored characteristics can be obtained. Combining poly-
mers with different properties (for example optical, or electrical properties) with
clusters of metals, new materials can be obtained, with new macroscopic charac-
teristics. This class of compounds where metallic nanoclusters are embedded in
polymeric matrices is suitable for packaging applications.

An interesting work on this topic has been carried out by Röder et al. in 2008
[85]. They report on the use of PLD to grow nanostructured materials formed by
metallic clusters (Ag, Au, Pd, and Cu) and polymeric matrices (polycarbonate –
PC and poly (methyl methacrylate) – PMMA). The metal clusters embedded in
PC were grown using a KrF excimer laser with pulse duration of 30 ns, working
at 248 nm, and repetition rate of 10 Hz. The work has been performed at room
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temperature in UHV deposition chamber with the base pressure of 10�6 Pa. As
reported in [85], smooth polycarbonate thin films of about 20 nm were deposited
at a fluence of 70 mJ cm�2. On these films, the metals were deposited at fluences
in the range of 4–6 J cm�2 and they had an average thickness of less than 5 nm.
Two processes take place during metal ablation in vacuum: deposition of metal on
the polymeric surface and ion implantation some nanometers below the surface. The
nanocluster dimension and shape depend both on the metal and on the polymer type.
TEM investigations evidence that the nanocluster are formed inside the polymer,
just below its surface, by the ion diffusion processes followed by the Volmer–Weber
island formation. As it can be seen from the pictures in Figs. 7.12 and 7.13 [85], the
clusters grow separately. When the number of pulses increases, fewer islands are
formed, with bigger size, due to coalescence processes. The clusters are, in general,
spherical, but a tendency to different shapes can be noticed, depending on the metal
and/or on the polymer. J. Röder et al. concluded that the Ag clusters show larger
distances on PMMA, because of a higher diffusivity of Ag on PMMA than on PC.
Pd and Cu exhibit a high reactivity with the polymer. This decreases the diffusion
and results in a bigger number of clusters of smaller sizes.

Tungsten oxide is a chromogenic compound with various applications in gas
sensing (it detects both H2S and H2, and small concentrations of NO and Cl2)
[86, 87]. The sensing efficiency depends also on the surface morphology of the

a b

dc
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Cu Pd

Pd

100 nm100 nm

100 nm 25 nm 5 nm

Fig. 7.12 TEM images of different metals between two 20-nm-thick PC layers with average metal
amounts of (a) 7.3 nm for Au, (b) 3.3 nm for Pd, (c) 3.8 nm for Cu, and (d) 3.3 nm for Pd [85]
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Fig. 7.13 TEM images of Ag and Cu clusters grown between two 20-nm-thick PC layers and on
15-nm PMMA, respectively, with metal amounts of (a) 1.9 nm for Ag on PC, (b) 2.0 nm for Ag on
PMMA, (c) 3.8 nm for Cu on PC, and (d) 3.6 nm for Cu on PMMA [85]

active material. In particular a high-specific area value As is desirable. Cluster-
assembled (CA) films are suitable to get high As values however, it is often difficult
to deposit CA films in a reproducible way with an acceptable mechanical stability
and adhesion to the substrate.

Filipescu et al. in [88] reported the growth of WOx by laser ablation using a
W target at room temperature in oxygen reactive pressure. A Nd:YAG laser with
4 harmonics was used, and a radiofrequency (RF) discharge system was added to
increase the reactivity. The information regarding the WOx film morphology was
supplied by SEM observations.

The microstructure of some WOx samples that were synthesized in the pres-
ence of a radio-frequency consists of a dense nanostructure made of irregularly
shaped agglomerates (Fig. 7.14) whose typical size lowers with increasing O2 pres-
sure, from about 80 nm (sample deposited at 300 Pa) to 40 nm (sample deposited
at 500 Pa) to 20 nm (samples deposited at 700 and 900 Pa). The addition of RF is
efficient to induce film nanostructuring, resulting in an open microstructure much
more prone to oxidation, also after the deposition is completed, than the compact
films produced without RF power. Consequently, at fixed substrate temperature, the
cluster ability to migrate and reciprocally aggregate giving bigger agglomerates is
progressively reduced with increasing buffer gas pressure.

PLD technique can be also used for the growth of nanowires as presented by
N. Wang et al. in [89], which is a very interesting review about the growth of
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Fig. 7.14 Representative surface microstructure of a WOx film deposited with the assistance of
RF power (100 W) [88]

Laser beam Evaporation target

Window Furnace Cold finger

500 Torr

1200°C

Ar (He)

Pumping

Fig. 7.15 Experimental setup for the synthesis of Si nanowires by laser ablation (Prof. I.
Bello) [89]

nanowires. A schematic of a laser ablation experimental setup that can be used to
grow nanowires is shown in Fig. 7.15.

Any kind of high-power pulsed laser can be used: Nd:YAG, excimer laser,
femto-second lasers. For example, in [90], A.M. Morales and C.M. Lieber reported
laser ablation cluster formation and vapor–liquid–solid (VLS) growth for crystalline
semiconductor nanowires synthesis. Silicon and germanium nanowires with diame-
ters of 6–3 and 3–9 nm, respectively, and lengths between 1 and 30 microns (for Si)
have been obtained using a Nd:YAG laser working at 532 nm to ablate targets con-
taining the element of the nanowire and the metal catalyst as well. Figure 7.16
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Fig. 7.16 (a) TEM image of the nanowires produced after ablation of a Si0:9Fe0:1 target. The scale
on is 100 nm. The temperature was 1,473 K and the pressure �66 kPa Ar flowing at 50 SCCM. (b)
Diffraction contrast TEM image of a Si nanowire. The scale represents 10 nm [90]

presents high resolution TEM images of individual Si nanowires. The nanowire has
a uniform crystalline core covered by an amorphous coating.

7.4.5 Matrix-Assisted Pulsed Laser Evaporation (MAPLE)

The MAPLE technique used for the deposition of carbon nanostructures is described
in [91]. Hunter et al. report on the deposition of carbon nanopearls (also known as
nanospheres) by MAPLE and also the use of the process simultaneously with mag-
netron sputtering to encapsulate nanopearls within a gold film. They investigated
the effects of: (a) solvent material; (b) laser repetition rate; (c) laser pulse energy;
(d) substrate temperature; and (e) background pressure.

In Fig. 7.17, the carbon nanopearls, which were successfully embedded within
the gold layer of approximately 1 �m in thickness can be seen. The aim of the study
was to find the optimal parameters for depositing disperse, droplet-free films of
carbon nanopearls with a large field of applications such as tribological coatings.
These parameters were found to be toluene matrix, 700 mJ, 1 Hz, 373 K substrate
temperature, and unregulated vacuum pressure or 2.67 Pa in argon.

MAPLE technique has also been successfully used for the deposition of nanos-
tructured titania (TiO2) nanoparticles thin films to be used for gas sensing appli-
cations as it was reported in [92]. Caricato et al. reported on the deposition of an
uniform distribution of TiO2 nanoparticles with an average size of about 10 nm on
Si and interdigitated Al2O3 substrates (Fig. 7.18). To investigate the thin films, they
used high-resolution scanning electron microscopy-field emission gun (SEM-FEG).
Energy dispersive X-ray (EDX) analysis revealed the presence of only the titanium
and oxygen signals and by FTIR (Fourier transform infrared) spectroscopy, the TiO2

characteristic composition and bond were revealed.
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Fig. 7.17 Carbon nanopearls embedded in a gold coating synthesized using MAPLE and
magnetron sputtering: left – top view; right – cross section [91]

Fig. 7.18 Scanning electron microscopy images of the interdigitated sensor and of the TiO2 film
morphology on the Al2O3 grains [92]

7.4.6 Laser-Assisted Chemical Vapor Deposition (LA-CVD)

Single-walled nanotubes are a very important variety of carbon nanotube because
they exhibit important mechanical and electrical properties and also offer great
promise as active elements in the “nano-electromechanical” systems. They have a
wide range of applications as high-frequency oscillators and filters, nanoscale wires,
transistors and sensors.

In [93], Liu et al. reported on the nucleation and rapid growth of single-wall
carbon nanotubes (SWNTs) by pulsed-laser-assisted chemical vapor deposition
(PLA-CVD). The deposition system is shown in Fig. 7.19. A special high-power,
Nd:YAG laser system with tunable pulse width (>0.5 ms) was used to rapidly heat
(> 3
104 K s�1) metal catalyst-covered substrates to different growth temperatures
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Fig. 7.19 Schematic of a
PLA-CVD chamber [93]
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Fig. 7.20 SEM images of nanotubes grown from a single 50 ms laser pulse (52 J) using (a)/(b)
Fe/Al2O3 thin film and ferritin as catalysts, respectively [93]

for very brief (subsecond) and controlled time intervals. SWNTs were found to grow
under rapid heating conditions, with a minimum nucleation time of >0.1 s. The
growth rates by single laser pulse were found to be up to 100 �m s�1. SEM images
of nanotubes obtained using thin film catalysts (a) and ferritin nanoparticles (b) are
shown in Fig. 7.20.

Another example concerning the synthesis of SWNTs and SWNHs (single-
walled nanohorns) is given in [94], exploring the continuous ablation regime for
the growth of SWCN and the cumulative ablation regime, which is optimal for the
growth of SWNTs with catalyst assistance. An industrial Nd:YAG laser (600 W, 1–
500 Hz repetition rate) with tunable pulse widths (0.5–50 ms) was used. Carbon is
shown to self-assemble into single-wall nanohorn structures at rates of �1 nm�ms�1,
which is comparable to the catalyst-assisted SWNT growth rates measured in [95].
Figure 7.21 shows TEM images of SWNHs synthesized at the optimized conditions
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Fig. 7.21 TEM images of SWNHs synthesized using (a) 20 ms, 5 Hz repetition rate, and
(b) 0.5 ms, 80 Hz laser pulses [94]

using 20 ms laser pulses at a low laser pulse repetition rate of 5 Hz and 0.5 ms pulses
at 80 Hz.

7.4.7 Lasers for MEMS (Micro-Electro-Mechanical Systems)

MEMS fabrication and semiconductor industry is a very large area, searching for
new technologies to assure high quality, speed, and reliability. The field of micro-
electro-mechanical systems is still dominated by the silicon technology. There are
also other good candidates to replace silicon as wafers like gallium arsenide, ger-
manium, gallium phosphide, indium phosphide, sapphire, quartz etc. The laser is a
very good tool for the micronanoprocessing of these materials, and also other types
of materials such as metals, ceramics, and polymers can be processed.

Figure 7.22 is an example and presents a MEMS built by Sandia National Lab-
oratories [96]. Some of the advantages of using lasers in MEMS fabrications are
listed in the following:

� Reliability
� Speed
� Relatively low cost
� Selectivity (based on the fine focusing that can be achieved)

7.5 Concluding Remarks

Lasers have been demonstrated to be a clean and efficient tool to produce and/or to
assist obtaining nanostructures of different materials, from simple metals to complex
nanocomposites. The size, form, distribution, and density of nanostructures depend
both on experimental parameters (laser wavelength, fluence and pulse duration, sub-
strate type, and temperature) and on target material. Particles and/or nanostructures
with tailored properties can be obtained by a careful control of process parameters.
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Fig. 7.22 The Torsional Ratcheting Actuator (TRA). The TRA uses a rotationally vibrating
(oscillating) inner frame to ratchet its surrounding ring gear. Charging and discharging the inner
interdigitated comb fingers causes this vibration (Sandia National Laboratories) [96]

NP synthesis by ns laser ablation in an ambient gas is a bottom-up strategy that is
approaching the stage of designing experimental conditions to deposit on a suitable
substrate arrays of dispersed NPs with predefined size and composition. Such a
condition is essential to finely tune the physico-chemical properties of the NPs and
those of the resulting nanostructure. Energy exchanges occurring both in the plasma
and between plasma and ambient gas during plume propagation affect NP growth,
besides determining the energy available to particle interaction on the substrate.
Plasma interaction with ambient atmosphere is a complex gas dynamic phenomenon
including scattering, slowing down, thermalization, diffusion, and recombination of
the ablated particles, formation of shock waves, and particle clustering. By modeling
plasma propagation, the average size of NPs grown in the plume up to their steady
size can be calculated.

Ultrashort laser pulses have shown to be a conceptually simple and clean way
to synthesize NPs in vacuum; the basic mechanisms of laser–matter interaction
have been identified. Attention was mainly focussed onto the dependence of the
different ablation mechanisms on laser fluence, yet ablation is sensitive to target
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morphology, including crater formation, to the uniformity of energy distribution of
the laser spot, to the size of the latter. Besides this, elemental targets were mostly
investigated. Chemical effects, both concerning compound targets and interactions
between plasma constituents and residual reactive gases were nearly neglected. Such
topics need further investigation before fs laser ablation can be considered a reliable
bottom-up strategy to prepare NP assemblies and CA films with ad-hoc designed
properties.
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