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ABSTRACT Femtosecond laser radiation has been used to ablate
a gold target in pure deionized water to produce gold colloids.
The dimensional distribution of nanoparticles is characterized
by the simultaneous presence of two distinct particle popula-
tions: one with low dispersion, having a mean particle size of
5–20 nm, and one with high dispersion, having a much larger
particle size. By changing the target position with respect to the
radiation focus, we study the influence of the plasma formed
after the laser pulse in front of the target, during nanofabrica-
tion process. We show that the most intense plasma is produced
by positioning the target slightly before the geometric focal
point. Here, the plasma intensity was found to correlate with
the amount of ablated material as well as with the mean size
of nanoparticles associated with the second, highly dispersed,
distribution of nanoparticles; this suggests the involvement of
plasma-related processes in the ablation of material, and the for-
mation of relatively large particles. The thermal heating of the
target by the plasma, and its mechanical erosion by the col-
lapse of a plasma-induced cavitation bubble are discussed as
possible ablation mechanisms. The gold nanoparticles produced
in ultrapure water are of importance for biosensing applications.

PACS 81.07.-b; 81.16.-c

1 Introduction

Nanoparticles of noble metals are predicted to be,
or are already, successfully employed in a wide range of appli-
cations, including catalysis, nanoelectronics and, particularly,
biosensing. Gold nanoparticles (< 30 nm) are particularly in-
teresting for these tasks since they are chemically stable and
strongly absorb light around 520 nm, due to the presence
of a resonant surface plasmon excitation [1]. Over the last
decade, the major effort has been on the production of stable
solutions of small nanoparticles with narrow size distribu-
tions and controlled surface chemistry. Although 5–100 nm
nanoparticles can be produced by a relatively simple chem-
ical reduction method [2], the surface of these nanoparticles
is likely to be contaminated with reaction by-products such as
anions and reducing agents, which can interfere with subse-
quent stabilization and functionalization steps.
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The laser ablation of a noble metal target immersed in
a liquid was introduced as an alternative physical method for
colloidal nanoparticle fabrication [3–19]. In contrast to the
chemical reduction method, laser ablation offers the possibil-
ity of nanoparticle growth in a controllable, contamination-
free environment, a key requirement for the subsequent suc-
cessful functionalization of the nanoparticle surface. To re-
duce the size and size dispersion of nanoparticles produced by
laser ablation, their growth has been controlled by both chem-
ical and physical methods. The chemical approach consists
of the addition of specific molecules, capable of interacting
physically or chemically with the surface of the forming par-
ticles, to the liquid fabrication environment to limit their sub-
sequent coalescence. In particular, an efficient size reduction
was observed by the use of ionic surfactants [6–10], although
they are not always suited for biosensing applications because
of biocompatibility problems. Much more biocompatible cy-
clodextrins (torus-like macrocycles built up of glucose pyra-
nose units [20]) appear more promising for the size reduction
tasks providing nanoparticles with a mean size of 2–2.5 nm
and a size dispersion of 1–1.5 nm [11, 12]. In contrast, the
physical size control approach employs variations of physi-
cal parameters to control the nanoparticle growth. Although
limited size reductions can be achieved with nanosecond laser
pulses [8, 16], femtosecond radiation gave much more effi-
cient size control, permitting mean size particle variations
between 4 to 150 nm [18]. Basically, nanofabrication with
femtosecond radiation was characterized by the presence of
two populations of nanoparticles. The first contained particles
with a relatively small mean size (4–15 nm) and a narrow dis-
persion (8–10 nm FWHM), whereas the second had particles
with a much larger mean size (15–130 nm) and a broader size
dispersion (20–90 nm FWHM) [18]. Although the data indi-
cate the involvement of radiation- and plasma-related mech-
anisms of material ablation, many aspects of the phenomenon
remain unclear.

This paper also focuses on the femtosecond laser ablation
of gold in water. We vary the position of the target with re-
spect to the focal plane of a focusing objective, permitting not
only the variation of the radiation fluence, but also the con-
trol of the position of the laser-produced plasma with respect
to the target. In order to clarify the role of the plasma in the
nanofabrication process, we examine the target mass loss, the
sound and visible emission from the plasma, and the concen-
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tration of nanoparticles, in addition to the size distribution of
the nanoparticles.

2 Experimental section
2.1 Femtosecond laser ablation

Laser ablation was carried out with a Ti/sapphire
laser (Hurricane, Spectra Physics Lasers), which provides
120 fs FWHM pulses (wavelength 800 nm, maximum energy
1 mJ/pulse, repetition rate 1 kHz, beam diameter 7 mm). The
radiation was focused by an objective with a focal length of
7.5 cm onto a gold target, forming a focal spot of about 6 µm.
The target was placed on the bottom of a 3-mL glass vessel
filled with high-purity deionized water (18 MΩ cm), as shown
in Fig. 1. The height of the water layer above the gold was
12 mm. The vessel was placed on a horizontal platform, which
revolved at a constant speed of 0.5 mm/s to form circle-like
ablated regions on the target surface. A gold rod (99.99%,
Alfa Aesar), with a diameter of 6 mm, was used as the target.
The upper surface of the rod was polished prior to each ex-
periment, to provide identical ablation conditions in different
experiments. The height of the water layer above the gold was
12 mm.

The position of the target surface with respect to the fo-
cal plane of the objective was the main variable parameter in
our experiments. The zero point (Z = 0) corresponded to the
focal plane at the target surface. This point was determined
from a scanning electron microscopic (SEM, model Phillips
XL20) analysis of craters on the gold, using a relatively low
laser pulse energy (0.25 µJ) to avoid plasma heating and self-
focusing or filamentation effects [21]. In the experiments, the
position of the focusing objective was shifted over the Z-axis,
and the laser energy was kept constant at 0.25 mJ/pulse, re-
sulting in a laser fluence at the focal point of about 880 J/cm2.
To simplify the interpretation of the results, we will consider
all manipulations relative to the system of coordinates con-
nected to the objective focal plane. Consequently, target pos-
itions before and beyond the objective focus will correspond
to positive and negative values of Z , respectively, as shown in
Fig. 1.

2.2 Measurements

Measurement parameters were tightly controlled
during and after the ablation process. The sound generated

FIGURE 1 Schematic of the experimental setup

was recorded using a microphone connected to a computer.
The gold target mass loss was calculated by measuring the
mass of the target before and after 20 minutes of ablation,
using a microbalance. The craters formed on the target sur-
face were examined by SEM. Absorption spectra of the col-
loidal solutions were measured just after their production,
in the spectral region 350–800 nm, using a Lambda 19 UV-
VIS spectrometer (Perkin Elmer). A transmission electron mi-
croscope (Philips CM30), with 0.23 nm point-to-point reso-
lution, was used to obtain micrographs of the gold nanopar-
ticles. A drop of sample solution was placed on a carbon-
coated, Formvar-covered copper grid, and dried at room tem-
perature. Typically, the diameters of 500–1000 particles ob-
served on a given micrograph were measured and the particle
size (diameter) distribution was calculated.

3 Results

In our experiments, laser ablation of the gold tar-
get in water was accompanied by the production of a plasma
plume, visible to the eye, near the target surface; in addition,
a sharp sound was heard, which is usually attributed to the
collapse of the cavitation bubble in the liquid, formed as a re-
sult of the vaporization of a water layer in contact with the
plasma [22, 23]. Under fixed laser energy, the intensities of
both the plasma emission and the sound increased as the tar-
get approached the focal plane (Z = 0), as shown in Fig. 2a.
However, the most intense sound and plasma emission were
recorded when the target surface was slightly in front of the
focal plane, at Zmax = +400–500 µm (Fig. 2a). As we found
from target mass measurements, in which target mass char-
acteristics were measured after 20 minutes of laser ablation,
maximal mass loss took place during the most intense plasma
emission and sound, strongly suggesting that the ablation of
material relates to the plasma intensity (Fig. 2b).

The color of the colloidal solutions also depended on the
intensities of plasma emission and sound. The sols appeared
dark red, with some yellow metallic tint, when the target was
near Z = Zmax. Such sols strongly scattered incident light,
while some nanoparticles from the solution tended to precip-
itate to form a gold-colored layer at the bottom of the glass
vial several hours after fabrication, suggesting the presence of
large nanoparticles in the sol. In contrast, far from this point
of Zmax(Z > 1500 µm, Z < −500 µm) the sols had a clear
red or pink color and were stable for several weeks, suggest-
ing the formation of smaller particles. Absorption spectra of
the solutions were characterized by the presence of a peak
around 520–530 nm (Fig. 3), attributed to the resonant excita-
tion of surface plasmons in individual gold nanoparticles with
sizes from 3 to 60 nm; the intensity of this peak is known to
be proportional to the concentration of nanoparticles in this
range [7–9]. Therefore, using the data on radiation absorp-
tion, we can estimate the concentration of relatively small
nanoparticles in sols prepared at various target positions.
As shown in Fig. 2c, the maximal concentration of small
nanoparticles was obtained at Zconc. max = +700 µm, which
is close to Zmax. The slight difference between Zconc. max and
Zmax is probably explained by the fact that laser ablation at
Zmax provides much larger nanoparticles, which do not absorb
in the wavelength range of 520–530 nm.
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FIGURE 2 (a) Sound intensity, (b) mass loss of the gold target (c) concen-
tration of the gold colloids estimated from absorption spectra and (d) size
distribution maxima for low (1) and highly (2) dispersed populations of col-
loids, as a function of the target position with respect to the lens focal plane
(Z = 0)

As in our previous work [18], TEM studies of nanopar-
ticle production confirmed the presence of two populations.
Figure 4 presents a typical TEM micrograph and the corres-
ponding size statistics for a sample fabricated near Z = 0.

FIGURE 3 Extinction spectra of gold sols prepared by femtosecond laser
ablation in water at various target positions

As shown in the figure, a sharp peak around 10–20 nm and
a broad, slowly decreasing tail characterized the size distri-
bution. Such a distribution requires a superposition of two
Gaussian functions, as shown in Fig. 4. Here, the net distri-
bution appears to be a combination of a less dispersed pop-
ulation of particles with a mean particle size value close to
the net distribution maximum, and a relatively broad, highly
dispersed one with much larger mean particle size. Figure 2d
presents the mean size, corresponding to maxima of the
(1) low- and (2) highly dispersed distributions, as a function
of the target surface position along the Z-axis. As shown in
the figure, the mean nanoparticle size increases as the tar-
get approaches the point of the most intense plasma intensity,
at Z = 400 µm. However, the size dependence appears to be
much more prominent for the highly dispersed particle popu-
lation compared to the less dispersed one. Indeed, the change
of the target position from 3000 µm to 400 µm led to a sig-

FIGURE 4 TEM micrograph image and corresponding size distribution of
gold nanoparticles prepared by the femtosecond laser ablation, when the
target surface was at the geometric focus of the objective (Z = 0)
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nificant shift of the distribution maximum from 23 to 70 nm
for the highly dispersed population, while the relevant shift for
the less dispersed one was much weaker, from 15 to 19 nm.
We also noticed that the relative intensity of the peak, associ-
ated with the highly dispersed distribution, decreased as the
target moved away from Zmax. In fact, such a moving away
from the focal plane corresponded to a decrease of laser flu-
ence on the target surface. Note that a similar decrease of
intensity of the highly dispersed distribution or even its com-
plete disappearance was observed in our experiments on de-
creasing the laser energy under fixed target positioning [18].

Typical craters on the gold target, as seen by SEM after
1000 laser pulses, are found in Fig. 5. As shown in the figure,
craters are not found when the target surface is far from the
focal plane. In this case, ablation leads to the simple removal
of the upper surface layer without any indication of melting
effects (Fig. 5a). In contrast, positioning the target near the
plasma intensity maximum leads to clearly visible craters,
whose walls contain traces of molten material (Fig. 5b). Note
that crater profiles can broaden somewhat, due to the change

FIGURE 5 SEM images of craters obtained after 1000 laser pulses for the
target position at (a) Z = +2500 µm and (b) Z = +400 µm, corresponding to
the plasma intensity maximum. The scratches are due to post-ablation target
manipulation

of the spot position on the target surface, as a result of a pertur-
bation of the water layer, leading to a change of its refraction
conditions.

4 Discussion

When the femtosecond radiation acts on a solid tar-
get, the radiation energy is known to be absorbed by the target
itself. Then, several picoseconds after the laser pulse [24] the
radiation-related ablation of material takes place, yielding to
the ejection of atoms and small clusters [25, 26]. The nano-
clusters tend to coalesce during their subsequent cooling in the
ambient medium, forming particles in the nanometer range.
However, when the radiation fluence is high enough, addi-
tional factors related to the presence of the plasma must be
taken into account. Basically, the plasma can be formed as the
result of the ablation of material from the target or through the
optical breakdown of water induced by the femtosecond ra-
diation. In the latter case, the radiation is readily absorbed in
water due to non-linear phenomena and a plasma is formed in
front of the target surface. Absorbing up to 70% of the laser
power [22], the optical breakdown phenomenon decreases the
efficiency of pure radiation-related ablation. In our view, the
plasma can become intense enough to produce the additional
ablation of material, independent of the method of plasma
production (direct material ablation or water breakdown pro-
duction). This may be due to thermal melting of the target
surface on contacting the hot plasma [18]. In addition, the
laser-provoked initiation of plasma in liquid is accompanied
by the production of bubbles, formed as a result of the water
vaporization on contacting the hot plasma [22, 23]. The bub-
bles quickly merge to form a single larger bubble, known as
the cavitation bubble. The collapse of the cavitation bubble,
taking place 50–150 µs after the plasma initiation, is accom-
panied by a significant release of energy [22]. We reason that
this energy is large enough to cause a secondary ablation of
material.

In our experiments, we changed the target position with
respect to the objective focal plane. In fact, the shift of the
target (along the Z-axis) from the focal plane, corresponds to
an enlargement of the irradiation spot on the surface, which,
in turn, decreases the laser fluence. In addition, the defocus-
ing changes the position of the laser-produced plasma with
respect to the target. Indeed, when the target is before the focal
plane, the plasma can be formed uniquely by ablated mate-
rial from the target, or by the ablated material in combination
with the breakdown-induced plasma in water, leading to dif-
ferent distances between the center of the plasma initiation
and the target surface. Furthermore, when the target is beyond
the focal plane, two centers of plasma production take place:
the first one, localized near the focal point, is much stronger
and is related to the breakdown of water, while the second
one, associated with the ablated material, is near the target sur-
face. In this case, the two plasmas can be completely separated
under the positioning of the target at some point relatively far
the focal plane. Note that the plasma intensity, recorded by
sound and optical emission from the plasma, is greatest when
the target is slightly in front of the focal plane. This is prob-
ably explained by the phenomenon of self-focusing, which
can play an important role at relatively high laser intensities.
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Self-focusing tends to narrow the beam diameter as the laser
pulse moves through the aqueous medium, giving rise to the
focusing of the beam before the geometric focal plane of the
objective [27]. The point of greatest plasma intensity probably
corresponds to conditions of radiation focusing on the target
surface.

As in [18], our experiments revealed the presence of
two populations of nanoparticles produced by ablation. The
first, less dispersed, population was characterized by a rela-
tively small mean nanoparticle size, which decreased only
slightly when the target moved away from the point of maxi-
mal plasma intensity Z = Zmax. Furthermore, this population
could be efficiently produced even in a region far from the
point of Zmax (before or beyond the focal plane). Since the
ablation in this region is characterized by the absence of tar-
get melting effects, as shown in Fig. 5a, it can be attributed
to the pure radiation-based ablation of nanoclusters and their
subsequent coalescence in the water environment. Indeed, the
absence of melting effects is consistent with a significant re-
duction, or the complete removal, of the heat-affected zone;
this is the essential feature of the femtosecond laser abla-
tion due to the shortness of the laser pulse compared to the
heat diffusion time [24]. In contrast, the fabrication of the
second, highly dispersed, population of nanoparticles was ef-
ficient only under the production of a strong plasma, when the
target was near Zmax. Furthermore, the ablation of material
was accompanied by the formation of craters with traces of
molten material, as shown in Fig. 5b. Taking into account the
absence of melting effects under the femtosecond laser abla-
tion, these craters can only be explained by the involvement of
plasma-related processes. As we have already discussed, tar-
get heating by the plasma or its erosion through the collapse
of the cavitation bubble could be possible mechanisms of the
plasma-related ablation of material. The plasma-related ori-
gin of the highly-dispersed population is confirmed by the fact
that the increase of the plasma intensity leads to the simul-
taneous increase of the target mass loss and the mean size of
nanoparticles of the highly dispersed population, as shown in
Fig. 2. Indeed, the increase of the plasma intensity enhanced
the efficiency of plasma-related mechanisms of material ab-
lation, which, in turn, led to higher concentration of ablated
particles, increasing the efficiency of the process of their co-
agulation. Another evidence for the plasma-related origin of
this population follows from the geometry of the experiment.
One may see from Fig. 2a that the decrease of plasma sound
signal was almost the same when the target moved away from
Zmax in either direction. A similar effect was observed for the
plasma emission intensity, suggesting that it is approximately
the same when the target is placed at symmetrical distances
from Zmax. However, as shown in Fig. 2b,d, the decrease of the
mass loss and the mean size of nanoparticles are much more
rapid when the target moves beyond the focal plane. Taking
into account that the water breakdown-related loss of the ra-
diation energy is almost the same under the target positions at
symmetrical distances from Zmax, the rapid decrease can be
explained by the detachment of the breakdown-related plasma
from the target, which leads to the decrease of the efficiency of
the plasma-related ablation.

As a final comment, in order to produce fine nanoparticles
by laser ablation in pure water, our results suggest that one

should avoid plasma-related ablation and favour pure laser ab-
lation. With a femtosecond laser, this can readily be achieved,
for example, by using low laser energy and/or out-of-focus
conditions, as shown in our previous studies [18] and in this
paper. In contrast, the fabrication of fine (< 10 nm) Au par-
ticles by the nanosecond laser ablation of a bulk target in
pure water still needs to be confirmed [8, 14, 15, 19]. It is
relevant to question the possibility of pure nanosecond laser
ablation in water. Indeed, since the nanosecond plasma, ap-
pearing picoseconds after beginning of the ns laser pulses, can
readily absorb energy from the remaining portion of the laser
pulse, it is, therefore, expected to be more intense (hot) then
the plasma generated by a femtosecond pulse (where laser-
plasma interactions may be neglected). This should, however,
be confirmed with systematic measurements.

5 Conclusions

In summary, we revealed the existence of two pop-
ulations of colloids, characterized by low and high size dis-
persions, produced by the femtosecond laser ablation from
a gold target in pure water. By varying the conditions of
plasma production through the target shift with respect to
the focal plane of the focusing objective, we have shown
that the less dispersed population is related to the radiation-
related ablation of material, whereas the appearance of the
more dispersed population can only be explained by the con-
tribution of effects connected with plasma production. We
propose that the target thermal heating by the plasma, or its
mechanical erosion by the collapse of a plasma-induced cav-
itation bubble, are possible mechanisms of plasma-related
ablation. A final identification of plasma-related mechan-
isms requires a time-resolved study of the plasma evolution.
These studies are now in progress and will be published
later.
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