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By studying the fs laser produced plume of different materials we show experimentally that the process of
matter removal during ultrashortsfsd laser pulse irradiation followed by vacuum expansion is characterized by
a number of general features, whichever the nature of the target material. In particular, fs laser ablation of solid
targets at laser intensities of the order of 1012−1013 W/cm2, inevitably leads to the generation of nanoparticles
of that material. This has been evidenced by atomic force microscopy analysis of less than one layer deposits
showing that the produced nanoparticles have mean radii generally in the range 5–25 nm, with pretty narrow
size distributions. These results are in very good agreement with the physical description and numerical
predictions of recently published theoretical analyses of fs ablation processes.
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The field of nanoscience has recently attracted a great
deal of attention from the scientific community due to the
great variety of electrical and mechanical properties pre-
sented bynanostructureswhich give rise to interesting
physical phenomena and can be exploited for the develop-
ment of different technological applications.1–4 In particular,
nanoparticlessNP’sd of different elements and compounds
have unique properties, and their synthesis and study is of
great interest for both technological applications and funda-
mental research. Among the traditional techniques for pro-
ducing NP’s and NP’s films one can quote arc discharge, and
vapor and electrochemical deposition. In the last years,
pulsed laser depositionsPLDd has also gained some interest
in this respect because of a number of advantages over other
processes, such as the possibility of producing materials with
a complex stoichiometry, and a narrower distribution of NP’s
size as well as a reduced porosity. Typically, PLD is carried
out in an ambient gas used to quench the ablated plume, thus
controlling the mean particle sizessee Ref. 5, e.g.d. This
technique, however, presents the disadvantage of requiring a
specific optimization of the background gas pressure, and of
introducing the need to address complex aspects of the ex-
pansion of the plume into the ambient gas such as its gasdy-
namics, and “in-flight” chemical kinetics.

In the last couple of years a different PLD technique
based on fs laser irradiation of solid targets in vacuum has
been used as a means for the synthesis of NP’s in the specific
cases of Si and Ge,6,7 and of Al and Ti.8,9 In addition to these
experimental results, several recent theoretical studies have
suggested that the rapid expansion and cooling of solid-
density matter irradiated by a fs laser pulse may result in
NP’s generation via different mechanisms. In particular, liq-
uid phase ejection and fragmentation, homogeneous nucle-
ation and decomposition, and spinodal decomposition may
all lead to NP’s production in solid targets under different
heating regimes.10–14 The use of fs laser ablation for NP’s
synthesis in vacuum can be attractive for several reasons.
First, and contrary to what happens with longer pulsessns,
and ps time scalesd, fs pulses do not interact with the ejected

material thus avoiding complicated secondary laser interac-
tions. Second, fs laser pulses heat a solid to higher tempera-
ture and pressure than do longer pulses of comparable flu-
ence, since the energy is delivered before significant thermal
conduction. Therefore a fs laser pulse can heat any material
to a solid-density plasma state with temperature and pressure
above the critical point, and is thus ideal for studying the
fundamental properties of matter under extreme conditions.
Finally, since the plume expansion takes place into vacuum,
all the complications introduced by the presence of a back-
ground gas are avoided.

In the present study we show experimentally that different
materials behave roughly the same when irradiated by fem-
tosecond pulses at intensities around the threshold for plasma
formation. In this condition, the very general mechanisms
responsible for the ejection of matter always lead to the for-
mation of NP’s of the target material, with radii of tens of
nm. This has been evidenced by atomic force microscopy
sAFMd analysis of less than one layer deposits at room tem-
perature of the material generated during fs laser ablation in
vacuum of different materials of great basic and technologi-
cal interest, such as noble metalssAu, Agd, ferromagnetic
metalssNid, semiconductorssSid, and even magnetic and su-
perconducting multicomponentssTbDyFe and MgB2d.

In discussing our experimental findings we have particu-
larly emphasized the general features which are always
present and characterize the fs ablation process, whichever
the target material, eventually leading to nanoparticles for-
mation which turns out to be a specific aspect of matter re-
moval during fs laser ablation of solid targets followed by
expansion in vacuum. As a consequence, we can conclude
that this technique lends itself as a different, general, and
practical route to the production of NP’s of different materi-
als.

The experimental setup of the present analysis is similar
to that reported in Ref. 7. The emission of a Ti:sapphire laser,
producing<1-mJ–120-fs pulses at 780 nm, was focused to
a spot size<2310−4 cm2 on the sample surface, at an inci-
dence angle of 45° and inp polarization. The target was
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mounted on a rotating holder and placed in a vacuum cham-
ber evacuated to a residual pressure of<10−7 mbar. To char-
acterize the ablation process, we have analyzed the light
emitted by the plume leaving the target surface through a
side window at right angles to the plume expansion direc-
tion. A slice of the plasma was imaged onto the entrance slit
of a 1/4-m monochromator coupled to an intensified charge-
coupled devicesCCDd camera, with a minimum temporal
gate of 5 ns and an overall spectral resolution of about 0.4
nm.

The plume was then deposited in high vacuum onto mica
substrates at room temperature, parallel to the target, and
located about 30 mm away. The deposited samples were ana-
lyzed with an AFM equipped with a sharpened silicon tip
with a radius of less than 10 nm. The number of laser pulses
used for deposition was carefully selected to obtain deposits
of less than one layer in order to limit the influence of par-
ticles coalescence on the substrate. Thus the observed NP’s
size distributions can be safely assumed to reflect the actual
size distribution of the free NP’s expanding in vacuum and
reaching the substrate.

The first general feature of the process of fs laser irradia-
tion of a solid target at the intensities of concern here
s1012–1013 W/cm2d is shown in Fig. 1 in the representative
case of Au. The emission spectra of the produced Au plume
are reported as a function of the time delayt with respect to
the arrival of the laser pulse, at a representative distanced
=1 mm, and for a laser fluenceF=0.6 J/cm2. The spectrum
at short time delayst,0.5 msd clearly indicates that emis-
sion from Au atoms dominates the plume luminescence on
this short time scale. At longer time delayss5–100µsd, how-
ever, a structureless broad continuum emission is observed.
Similar features of the emission spectra have been also ob-
served at larger distances from the target surfacesup to a few
tens of mmd.

This continuum, which is unfailingly observed with simi-
lar characteristics whichever the investigated target material
swithin the above quoted listd, is due to emission from hot
NP’s produced during fs laser ablation, and provides a
simple and useful technique to follow their dynamics in fs
PLD. Hot NP’s behave as a black-body radiator, and their
emission is mainly determined by the temperatureT of the
system.7 In particular, taking into account the NP’s emissiv-
ity and that the CCD detector counts photons, for the spectral
region of concern in the present studyshc/l@kBTd the emis-
sion intensityI is given by

Isld ~ l−5 expS−
hc

lkBT
D , s1d

wherel is the emission wavelength andh, kB, andc are the
Plank and Boltzmann constants, and the speed of light, re-
spectively. As an example, Fig. 2 shows two typical and
representative power spectra, in the case of Au and Si targets,
in the form of log-linear plots ofsIl5d vs l−1 registered at a
distanced=1 mm at a time delayt=10 ms, for a laser flu-
ence of <0.6 J/cm2. One can see that the experimental
points are well approximated by straight lines, whose slopes,
according to Eq.s1d, equalhc/kBT, thus also providing an
estimate of the nanoparticles temperatureT. The values of
the temperature are of the order of<2000 K for both targets,
which is very plausible given the critical temperatures of
gold and silicon.

We have also investigated the evolution of the nanopar-
ticles temperature inside the expanding plume by measuring
their emission spectra at different time delays and distances
from the target surface. A very simple, phenomenological
model of nanoparticles cooling during their vacuum expan-
sion ssee, e.g., Ref. 15 for the case of Sid leads to the con-
clusion that radiative cooling is always the most effective
cooling mechanism in the late stages of plume expansion,
independently of the nature of the target material.

The nanoparticles produced during fs laser ablation of dif-
ferent targets have then been deposited onto mica substrates
to analyze their size and size distribution. As an example,
Fig. 3sad shows an AFM image of less than one layer of
silver NP’s deposited at a laser fluence of 0.6 J/cm2, while
Fig. 3sbd reports their size distribution, showing that they
have a radius of less than 40 nm with a peak at<8 nm.
Similar analyses have also been performed for the different
targets considered in the present worksAg, Au, Ni, Si, and
TbDyFed and at different laser fluences. Again, the general
feature is that NP’s of the target material are invariably pro-

FIG. 1. Emission spectra of the fs gold plume for different time
delayst, at d=1 mm for a laser fluenceF=0.6 J cm−2.

FIG. 2. Emission spectra of golds•d and siliconssd nanopar-
ticles in I l5−l−1 coordinates on a semilogarithmic plot at a dis-
tanced=1 mm and a time delayt=10 ms. The straight lines are
fitting curves according to Eq.s1d, whose slopes give the tempera-
ture T.
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duced and deposited, with very similar sizes and size distri-
butions.

The size statistics of the NP’s for the different targets are
summarized in Table I in terms of NP’s mean radiusRm,
standard deviations, and maximum radiusRmax. The maxi-
mum radiusRmax represents the NP’s size below which 90%
of the particles are counted. Some features of the observed
size distributions are particularly striking for their regularity,
and interesting. For all materials, the mean NP’s radius is of
the order of 10–20 nm, with the only exception of TbDyFe at
0.6 J/cm2. This specific aspect is in very good quantitative
agreement with numerical predictions very recently appear-
ing in the literature in the case of Si.10 The size distributions
are generally pretty narrow, with standard deviations/radius
ranging from 0.5 to 0.8. Finally, in the investigated range, the
general trend is for slightly increasing NP’s mean radiusRm
with increasing laser intensity. An almost similar behavior is
observed for the maximum radiusRmax.

The very general features of ultrashort laser irradiation of
solid targets evidenced by our results are consistent with the
physical picture of the process outlined by the numerical
predictions of very recent theoretical analysis devoted to the
study of specific materialssmainly silicon and aluminumd.

Under ultrashort laser pulse irradiation, the energy is de-
livered to matter in so short a time scale that absorption
occurs at nearly solid-state densitysnear isochoric heatingd.
The laser energy is first deposited in the electronic subsystem
within a superficial layer with a thickness of tens of nm.
Then, the energy is rapidly transferred from the electrons to
the lattice on a time scale of few ps, and the heated region

can reach high temperatures which are accompanied by a
buildup of strong pressures within the material.8,14 Next, a
nearly adiabatic vacuum expansion of the heated material
occurs with a consequent decrease of density and tempera-
ture. At this stage, the evolution of the system during this
relaxation from the extreme excited state mainly depends on
the material initial temperature, namely on the level of laser
irradiation intensity. For example, the model developed in
Ref. 8 for Al predicts that at laser intensities in the range
1012–1013 W/cm2, corresponding to initial temperatures of a
few eV, the adiabatic cooling drives the system into a meta-
stable region of the phase diagram, resulting in the produc-
tion of a relatively large fraction of nanoparticles through
phase decomposition processes.8,12 On the other hand, at
larger laser intensitiessù1014 W/cm2d the system can never
reach the metastable region of the phase diagram, resulting
in an almost fully atomized plume. Thus the most promising
laser intensity range in the context of nanoparticles produc-
tion is predicted to be 1012–1013 W/cm2, and these values
turn out to be in very good quantitative agreement with those
leading to an efficient generation of nanoparticles for
the different materials investigated in our experimentsssee
Table Id.

In conclusion, by analyzing the fs laser produced plume
for different materials we have experimentally ascertained
that the process of matter removal during ultrashortsfsd laser
pulse irradiation followed by vacuum expansion is character-
ized by a number of general features, whichever the nature of
the target material. In particular, fs laser ablation of solid
targets at laser intensities of the order of the plasma forma-
tion threshold for any given material inevitably leads to the
generation of nanoparticles of that material. This character-
istic, which is noteworthy, has turned out to be true not only

FIG. 3. sad AFM image of Ag nanoparticles deposited in a high
vacuum of<1310−7 mbar onto mica substrates.sbd Size histo-
gram of Ag nanoparticles deposited under the experimental condi-
tions shown in Fig. 3sad. Thesolid curve is a guide to the eye.

TABLE I. Statistical parameters of the size distributions for
three different values of the laser pulse fluenceF. Rm is the nano-
particles mean radius ands is the corresponding standard deviation.
Rmax is the maximum radius evaluated by considering the radius
corresponding to 90% of the cumulative size distribution.a is the
size distribution dispersionsi.e., a=s /Rmd.

F sJ/cm2d I sW/cm2d
Rm

snmd
s

snmd
Rmax

snmd a

Au 0.3 2.531012 8.0 4.7 27 0.59

Au 0.6 5.031012 16.4 10.0 48 0.61

Au 1.2 1.031013 14.1 10.9 55 0.77

Ag 0.3 2.531012 11.8 8.5 46 0.72

Ag 0.6 5.031012 13.4 8.0 45 0.60

Ag 1.2 1.031013 15.1 11.6 52 0.77

Ni 0.3 2.531012 19.7 13.8 60 0.70

Ni 0.6 5.031012 17.4 11.0 55 0.63

Ni 1.2 1.031013 24.7 19.4 100 0.78

Si 0.3 2.531012 7.9 5.1 13 0.65

Si 0.6 5.031012 11.6 8.6 15 0.75

Si 1.2 1.031013 9.5 5.5 15 0.59

TbDyFe 0.6 5.031012 44.8 24.8 80 0.55

TbDyFe 1.0 8.331012 18.0 12.8 38 0.7
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for monocomponent solids but also for multicomponent tar-
gets, is a point of extreme interest in the basic field of nano-
physics, and in view of possible technological applications
for nanodevices. The measured nanoparticles emission spec-
tra during their free expansion into vacuum are fairly good
described by Plank’s black-body-like curvessmodified for
small particlesd with initial temperatures of the order of few
thousands K, which rapidly decreases as a function of the
distance from the target surface mainly because of radiative
cooling.

AFM analysis of the removed matter deposited onto mica

substrates has shown that the produced nanoparticles have
mean radii generally in the range 5–25 nm, with pretty nar-
row size distributions characterized by a standard-deviation/
radius ranging from 0.5 to 0.8. The formation of these nano-
particles is likely to occur as a consequence of the complex
relaxation dynamics of the extreme material state induced by
intense, ultrashort laser irradiation of the target, and this spe-
cific feature evidenced by our results is in very good agree-
ment with the physical description and numerical predictions
of the recently published theoretical analyses of fs ablation
processes.
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