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Abstract This study presents results on pulsed laser
ablation of gold target immersed in different liquids. In the
experiments chloroform, toluene and ethanol are used as
liquid media for the laser ablation. Two different wave-
lengths: the fundamental (1064 nm) and second harmonic
(532 nm) of a Nd:YAG laser, are utilized to produce var-
ious colloids. The optical properties of the colloids were
evaluated by optical transmittance measurements in the
UV-Vis spectral range. The morphology of the colloidal
nanoparticles created and the evaluation of their size dis-
tribution are investigated by transmission electron micro-
scopy. The selected area electron diffraction is employed
for chemical phase identification of the created nanos-
tructures. Ablation in chloroform resulted in formation of
spherical and spheroidal gold nanoparticles with the similar
mean size at both laser wavelengths used—11.5 nm at
1064 and 9.3 nm at 532 nm. Nanoparticles with smaller
mean size (below 5 nm) in the case of ablation in toluene
were observed. Spherical nanoparticles with mean diameter
of 7.7 nm produced by 1064 nm and thin elongated
nanostructures with thickness of about 5 nm using 532 nm
are observed in the case of ablation in ethanol. An addi-
tional laser irradiation of the colloids demonstrated the
changing of the optical properties and size distribution of
the nanostructures produced by ablation in ethanol and
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chloroform. The irradiation of toluene-based colloid does
not induce observable change of the colloid properties.

1 Introduction

Gold (Au) nanoparticles (NPs) attract an extensive atten-
tion in various fields of physics, chemistry, medicine,
material science, and photonics, due to their unique phys-
ical and chemical properties [1-6]. Extraordinary elec-
tronic, magnetic, and catalytic properties of the NPs are
due to their high surface area to volume ratio [7]. One of
the most attractive properties of noble metal NPs is related
to the efficient excitation of collective electron oscillations,
i.e. surface plasmon resonance (SPR). The plasmon char-
acteristics of these metal NPs vary with their size, shape,
surface chemistry, and crystallinity or aggregation state
[8—10], which enables tuning of their optical and electronic
properties.

Au NPs have optical, electrical, magnetic, and
mechanical properties, which make them suitable for many
applications such as drug and gene delivery [11, 12], the
ability to generate table immobilization of biomolecules
[13], and in several targeting applications [14]. Au
nanostructures possess the ability to produce heat after
absorbing light, which provides a medicinal usage named
as photothermal therapy [15, 16]. The strong enhancement
of the electromagnetic field near the Au-containing
nanostructures as a result of excitation by laser radiation
has been successfully employed to enhance Raman signals
in surface-enhanced Raman spectroscopy (SERS) applica-
tions [17, 18] for the detection of proteins, pollutants, and
other molecules. Colloidal Au NPs have been designed for
use as conductors from printable inks to electronic chips
[19]. In these applications nanoscale Au particles are used

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-017-1105-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-017-1105-0&amp;domain=pdf

490 Page 2 of 10

R. G. Nikov et al.

to connect resistors, conductors, and other elements of an
electronic chip. Au NPs are also utilized as catalysts in
various chemical reactions [20].

A number of methods, such as chemical reduction [21],
photochemical [22], electrochemical [23], and biosynthesis
[24], can be used for producing colloidal Au NPs. In the
past decade, a method known as pulsed laser ablation of
solid target in liquid environments has emerged as one of
the most promising techniques to obtain nanostructured
materials in liquid medium [25-27]. The laser ablation is
relatively simple, cheap, effective, and environmental
friendly method, which stands out for its fast and direct
implementation that does not involve several steps or long
processing times. The control of parameters such as laser
wavelength, pulse energy, repetition rate, number of pul-
ses, and liquid environments allows the fabrication of
colloidal NPs with specific characteristics (morphology,
size distribution, shape, composition and structure) making
them suitable for various applications.

In the majority of studies, the laser ablation in liquid is
performed in aqueous solutions [28-30]. Although there
are works on laser ablation in organic liquids for fabrica-
tion of colloids [31-36], there are insufficient data about
the influence of the various processing parameters as
wavelength for example on the characteristics of the
nanostructures produced by this method. Furthermore,
there are controversial data about optical properties of such
colloids and how the plasmon resonance behavior is
influenced [34, 36]. Study of the preparation of colloidal
Au NPs by laser ablation in organic solvents is very
important from the viewpoint of obtaining NPs in solvents,
which can also solubilize organic molecules useful for
functionalizing Au NPs [37].

In the present study, the colloidal Au NPs are prepared
by laser ablation of a Au target in three different liquids—
chloroform, toluene, and ethanol. These liquids are the
basis for preparing colloidal inks used in the printed and
organic electronics for printing of conductive circuits [38]
and active layers of organic photovoltaics [39]. The influ-
ence of laser wavelength, on structure, morphology, size
distribution, shape, and optical properties of the obtained
nanostructures is studied by means of transmission electron
microscopy (TEM), selected area electron diffraction
(SAED), and UV-Vis absorption measurements. Addi-
tional laser irradiation of the as prepared colloids is per-
formed in order to demonstrate possibility of changing
their optical properties and eventually narrowing the par-
ticles size distribution. The presented method could be an
alternative of the conventional chemical methods for syn-
thesis of colloidal inks. Printing of these nanoparticle-
based inks on appropriate surfaces by conventional printer
can provide easy and efficient method for the preparation
of SERS substrates.
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2 Experimental

Ablation of Au target (purity 99.99%) in liquids is obtained
using the fundamental wavelength (1064 nm) and second
harmonic (532 nm) radiation from a Q-switched Nd:YAG
laser system (pulse duration ~ 17 ns) operating with a
repetition rate of 10 Hz. The laser beam is focused on the
Au surface using a fused silica lens. The Au target is placed
on the bottom of a glass vessel filled with the solvent liquid
(chloroform, toluene, or ethanol) and the liquid level above
the target surface is 5 mm. In all experiments, the duration
of ablation process is 6 min and the scanning of the target
surface is carried out by means of a XY translation stage.
The laser fluence is chosen to be about three times above
the threshold fluence for each laser wavelength. Thus, the
laser fluence is 12 J/cm® at fundamental wavelength and
6 J/cm? using second harmonic for all liquids used. A
series of experiments on irradiation of Au target with dif-
ferent laser fluences are conducted in order to determine
the threshold fluence. The fluence at which the target sur-
face modification appears after single shot, observed by
optical microscope, is defined as the threshold one.

Immediately after preparation of the colloids, additional
laser irradiation is performed. In order to ensure more
efficient irradiation process the colloidal solution is poured
in a narrow container (glass cuvette) and the irradiation is
carried out with an unfocussed laser beam. Thus, the irra-
diation of large part of the volume of the colloid is
obtained. The diameter of the laser spot on the liquid
surface is about 6 mm and the height of the liquid in the
cuvette is 2.5 cm. The second harmonic (532 nm) of the
Nd:YAG laser is chosen for irradiation, because it lies
inside the SPR band of the Au NPs. The laser pulse energy
used for irradiation is of 60 mJ. The reason for choosing
this laser energy is that the continuing exposure at higher
energy leads to modification of the bottom of the vessel
containing the colloid. On the other hand, the use of lower
laser energy also leads to changes in the optical properties
of the colloid, but the process is slower.

The colloids produced by laser ablation and irradiated
colloids are immediately characterized by absorbance
spectra recorded by an UV-Visible spectrometer (Ocean
Optics HR 4000) in the range of 300-900 nm. A trans-
mission electron microscope JEOL JEM 2100 at acceler-
ating voltage of 200 kV is employed to visualize the
obtained NPs. The TEM samples are prepared by adding
droplets of the colloidal solution of interest on carbon-
coated copper grids and allowing them to dry in air. For
identification of the phase composition of the NPs pro-
duced, SAED is performed. The EMCAT/EMFIT com-
puter program [40] is used to interpret the SAED patterns
and to identify the composition of the samples.
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3 Results and discussion
3.1 Laser ablation in chloroform

Colloidal solutions produced by laser ablation of a gold
target in chloroform (CHCl;) have a pale pink color. The
optical absorption spectra of the colloids are measured
immediately after their preparation. A comparison of the
absorbance spectra of the colloids obtained using the fun-
damental laser wavelength and second harmonic and the
spectrum of pure chloroform is shown in Fig. la. A surface
plasmon resonance (SPR) band in the range of 500 and
600 nm, characteristic of the presence of nanosize Au
particles, is observed in the spectra of colloids fabricated at
both wavelengths. It should be mentioned that other
authors did not observe plasmon band in the optical spectra
of the colloids obtained by laser ablation of a gold target in
chloroform [34]. The chemical state of the ablated particles
has been investigated by means of X-ray photoelectron
spectroscopy (XPS) analysis suggesting the presence of
gold—chlorine compounds in the colloid. One possible
reason for the different composition of the colloidal NPs
could be attributed to the relatively low laser fluence (be-
tween 0.2 and 1 J/cm?) used by them compared to the laser
fluence used in our ablation experiments (6—12 J/cmz). The
higher laser fluence may result in significant rise of the
temperature of the already formed particles due to
absorption of the laser radiation and decomposition of the
gold—chlorine phase that is unstable at high temperature.
The slight red-shift and higher intensity of the SPR
maximum in the spectrum of the colloid fabricated at
wavelength of 1064, compared to that produced at 532 nm,
could be attributed to a larger mean size of the NPs in the
first case [9]. In order to confirm the above statement and to
study more carefully the shape and size distribution of the
produced particles, drops of the colloids are deposited onto
a carbon-coated copper grid for TEM analysis. In Fig. 2a,
b, TEM images of the NPs produced by laser ablation of a
gold target in CHCl; by using laser irradiation at wave-
length of 1064 nm (a) and 532 nm (b), and the histograms
of the particles size distribution, are presented. The corre-
sponding SAED patterns are also displayed below the TEM
images. The diffraction rings in the both SAED patterns
shown in Fig. 2a, b can be assigned to the (111), (200),
(220), (311), and (331) crystal planes of the cubic gold with
lattice parameters a = 4.0786 A, PDF 04-0784. Observing
the TEM images in Fig. 2a, b, we can infer that the pre-
dominant shape of the particles is spherical or spheroidal.
However, it should be noted that the larger particles have
an asymmetrical or elongated shape, which is probably due
to aggregation of smaller particles in a later stage, after the
condensation of the plasma plume. Numerical
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Fig. 1 Optical absorption spectra of colloids produced by laser
ablation at wavelengths of 1064 and 532 nm of gold target in different
liquids: chloroform (a), toluene (b) and ethanol (c). The absorption
spectra of pure liquids are also presented
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«Fig. 2 TEM images of Au NPs produced by laser ablation at 1064
and 532 nm of gold target in three different liquids: chloroform using
1064 nm (a) and 532 nm (b); toluene 1064 nm (c¢) and 532 nm (d);
ethanol 1064 nm (e) and 532 nm (f). The corresponding histograms
of the particle size distribution are also presented and their numerical
characteristics are given. Below the TEM images are shown
corresponding SAED patterns

characteristics of the histograms reveal a slight increase in
the mean particle size (from 9.3 to 11.5 nm) with
increasing the laser wavelength. On the other hand, the
standard deviation slightly decreased with increasing the
laser wavelength (from 8.3 to 7.6 nm). The larger mean
size of the particles obtained using radiation at 1064 nm
explains the red-shift of their SPR band (Fig. 1a) compared
to that of the NPs produced by ablation at 532 nm.

The TEM images shown in Fig. 2a, b also indicated the
presence of a paler gray shell around the NPs. It is reported
that the laser ablation of metals in organic solvents can
produce pyrolysis of organic molecules with subsequent
covering of the particle surface by carbon shell [35]. Thus,
forming a carbon shell or matrix could limit the further
growth of the particles and may cause a suppression of the
plasmon properties of the metal NPs. Using the Mie model,
Amendola et al. [35] have shown that increasing the
thickness of the graphite shell around a spherical Au
nanoparticle leads to attenuation of the SPR band. In fact,
the plasmon resonance intensity will depend on the ratio
between the particle size and the shell thickness. As the
particle size in the case of using laser ablation at 1064 nm
is higher, the effect of shell plasmon quenching will be less
expressed resulting in stronger SPR peak.

3.2 Laser ablation in toluene

Laser ablation of a gold target in toluene (C;Hg) resulted in
formation of colloidal solutions that have yellowish amber
color instead of pink reddish, typical for the Au NPs. It
should be mentioned that after a several minutes the
ablation is strongly reduced at both laser wavelengths used.
This effect probably is due to the scattering and absorption
of the laser radiation by already formed nanostructures in
the liquid. In Fig. 1b are presented the UV-Vis spectra of
the colloids produced by laser ablation in toluene using
wavelengths of 1064 and 532 nm, where one can note the
absence of the SPR band. Despite the absence of the
plasmon band a significant increase in the absorbance in
the range of 300-500 nm in the spectra of both colloids
compared to that of pure toluene is observed. This effect
hints change of the liquid composition induced by the laser
treatment.

For visualization of the shape of the nanostructures
obtained, assessment of their size distribution and

identification of their phase composition, TEM and SAED
analysis of the dried colloids are performed and the results
are shown in Fig. 2c, d. Here, similarly to the ablation in
chloroform, the diffraction rings and spots in SAED pat-
terns of both laser wavelengths used can be assigned to the
(111), (200), (220), (311), and (331) crystal planes of the
gold (Au cubic, lattice parameters a = 4.0786 A, PDF
04-0784). The TEM images and histograms of the particle
size distribution of NPs produced by using fundamental
wavelength and second harmonic are shown in Fig. 2c, d,
respectively. Relatively small NPs in both TEM images are
observed. On the basis on the histograms presented in
Fig. 2c, d may be defined an increase of the mean particle
size (from 2.9 to 4 nm) and standard deviation (from 1.4 to
2.7 nm) with the increase of the laser wavelength. One of
the reasons for the formation of small particles in the case
of ablation in toluene could be the presence of dense
material around the particles, which is observed in both
TEM images. Similar shell or matrix around the nanopar-
ticle was observed in the considered earlier case of ablation
in chloroform. The origin of this shell has already been
discussed, namely the occurrence of the pyrolysis process
leading to the decomposition of the organic molecules of
the liquid and subsequent covering of the surface of gold
particles with graphite or carbon shell [35]. However, the
carbon matrix, appearing as a dark gray background around
the particles in Fig. 2c, d is more solid and thicker com-
pared to that observed in the case of ablation in chloroform
(Fig. 2a, b), which explains the smaller mean particle size
in the case of ablation in toluene. Consequently, this dense
carbon shell stops coalescence and growth of Au NPs in the
early stage, when the mean particle size is few nanometers.
Moreover, the presence of thick carbon shell around the
gold particles is also responsible for the suppression of the
SPR band in the optical absorption spectra of the colloids
displayed in Fig. 1b. It has been reported that by oxidizing
the carbon matrix it is possible to recover the SPR band of
colloids prepared by laser ablation of gold in toluene [35].
On the other hand, composite structures based on graphite
and gold NPs can be used for sensor applications [41],
making the laser ablation a simple and effective method for
fabricating such type of material.

The main reason for the formation of different shell
around the NPs in the case of ablation in toluene and
chloroform probably is rooted in the different reactivity of
both solvents. After the plasma plume expands and cools in
the liquid, the temperature of the solution reaches that of
the plasma plume, i.e. 10° K, with consequent degradation,
ionization, and pyrolysis of solution molecules. It could be
expected that pyrolysis of the solvent is realized at different
thermo physical parameters depending on the type. More-
over, different solvents generate different byproducts with
specific chemical and physical properties during laser
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ablation, which complicates determination of all these
byproducts [27]. Therefore, further research is needed to
clarify the process of pyrolysis during laser ablation in the
presence of organic compounds and the role of pyrolysis
byproducts on the nucleation and growth processes of the
NPs.

3.3 Laser ablation in ethanol

An intensive ablation of the Au target in ethanol (C,HgO)
at both laser wavelengths used is observed. In turn, this
leads to intense coloration of the colloids, as their colors
are pink and ink blue using 1064 and 532 nm, respectively.
The optical absorption spectra of the colloids prepared by
laser wavelengths of 1064 and 532 nm are presented in
Fig. lc. A clearly expressed SPR band with a maximum at
520 nm can be seen in the case of ablation by the funda-
mental laser wavelength. The presence of a single peak and
its position in the spectrum indicate the presence of Au
spherical particles with diameter below 60 nm [9]. In the
optical spectrum of the colloid prepared by the 532-nm
laser wavelength, the SPR band is less pronounced than
that in the case of ablation with 1064 nm.

In order to assess the shape and size distribution of the
obtained nanostructures, TEM analysis is performed. TEM
micrographs and corresponding histograms of the size
distribution of the nanostructures produced by laser abla-
tion at both 1064 and 532 nm laser wavelengths are shown
in Fig. 2e, f. The SAED analyses of the obtained nanos-
tructures are presented below both the TEM images. Phase
identification reveals the presence of cubic gold with lattice
parameter a = 4.0786 A (PDF 04-0784). The TEM images
express different nanostructures in terms of shape and size
for both the cases. Formation of separated spherical and
spheroidal shaped NPs with relatively wide size distribu-
tion is observed when the fundamental laser wavelength is
used (Fig. 2e). The histogram of the particle size distri-
bution reveals mean particle diameter of 7.7 nm and
standard deviation of 3.9 nm. In the case of ablation by
532 nm thin nanostructures (chain-like shape) of approxi-
mately equal thickness are observed (Fig. 2f). The mean
size of the particles forming the nanostructures is 4.6 nm
and the standard deviation is 1.1 nm. These elongated
nanostructures are probably formed because of joining of
already created particles in the colloid. The wavelength of
the second harmonic of the used laser, in contrast to the
fundamental wavelength, is situated in the SPR band of the
Au NPs. Thus, the absorption of laser radiation from the
NPs may lead to fragmentation of the larger NPs and
partial melting of the surface of the smaller particles, where
the melting temperature is significantly lower than that of
the bulk material [42]. Namely, the fragmentation of the
larger particles and merging of smaller ones are the reason
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for the production of uniform in shape and size nanos-
tructures as shown in Fig. 2f [43]. It is notable that chain-
assembled NPs are also observed in the case of ablation by
1064 nm, but only for the smallest particles (Fig. 2e). The
formation of nanoparticle chains in the case of laser abla-
tion in ethanol can be explained by asymmetric distribution
of charge on the surface of NPs, which causes dipole—
dipole interaction and can lead to linear aggregation [44].

The TEM images also reveal an absence of the back-
ground materials as seen in the case of ablation in chlo-
roform and toluene. It can be attributed to the fact that the
decomposition of the ethanol leads to formation of alco-
holates instead of carbon compounds [27]. This may be the
reason for formation of NPs without cover and, respec-
tively, clearly expressed SPR band.

Generally, the Au nanostructures obtained by laser
ablation in chloroform, toluene, and ethanol exhibit lower
stability over time compared to Au nanostructures in water
[27]. It should be mentioned that after 1 week of storage (at
room temperature) of the colloids produced by ablation in
chloroform and toluene, large microparticles are observed
due to the process of aggregation and precipitation of the
components in the colloids. The lower stability of Au NPs
obtained in these organic solvents can be the combined
effect of the lower dielectric constant, compared to water,
and of the lower Z-potential of NPs, due to adsorption of
solvent pyrolysis byproducts on their surface [45]. Our
observation indicates that the Au NPs in ethanol have
higher stability than NPs in toluene and chloroform. There
is not observed (with the naked eye) large microparticles or
sedimentation within 1 month after the colloid preparation.
However, some change in the colloid color is observed
which is most likely due to partial aggregation of the Au
NPs. It is reported that the greater stability over time of the
NPs obtained in ethanol, compared to other organic sol-
vents, may be explained by surface complexation with
alcoholates, which are negatively charged molecules
[46, 47].

3.4 Laser irradiation of the fabricated colloids

In this section, we will consider the influence of the
additional laser irradiation on the characteristics of the
already prepared colloids. The three different colloids
produced by ablation of gold target in chloroform, toluene,
and ethanol using laser wavelength of 1064 nm were
exposed to laser irradiation. This wavelength ensures the
highest efficiency of fabrication in terms of particle den-
sity. However, the size distribution is rather broad as it can
be seen in Fig. 2a, e. Here we should mention that the
changes occurring in the colloids as a result of the con-
tinuous increase of the duration of irradiation were inves-
tigated by direct measurement of their optical spectra. On
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the base of these measurements, it was found that in the
case of irradiation at wavelength of 532 nm of the colloid,
created by ablation in toluene, no significant change of its
absorbance spectrum is realized. As in the case of as pre-
pared colloids, SPR band is not observed in the spectrum of
the irradiated colloid. For this reason, the colloid is also
irradiated with the laser wavelength of 355 nm where the
absorbance of the colloid is significant. However, the result
does not differ greatly from that obtained in the case of
irradiation with the second harmonic. Therefore, in this
section will be discussed in detail only the cases of laser
irradiation of colloids synthesized by ablation in ethanol
and chloroform.

The evolution of the absorbance spectrum of the colloids
produced by ablation in ethanol and chloroform as a result
of the continuous increase of the duration of irradiation is
presented in Fig. 3. First, we will consider the case of laser
irradiation of the colloid created by ablation in ethanol
(Fig. 3a). After the first 5 min of irradiation is observed a
significant decrease in the absorbance of the colloid in the
range of 550-900 nm, whereas the rest of the spectrum
(300-550 nm) containing the SPR band is practically
unchanged. The main reason for this behavior is probably
fragmentation of the largest particles in the solution due to
absorption of laser radiation. After another 5 min of irra-
diation (total 10 min), a further narrowing of the right side
of the SPR band from its center (around 520 nm) to
approximately 700 nm was observed. In the range after
700 nm absorption spectrum remains unchanged. The latter
result can be explained by the fact that after the first 5 min
of irradiation fragmentation leads to the disappearance of
the largest particles in the solution while after the 10 min
occurs further fragmentation of the particles. It can be seen
(Fig. 3a) that after an additional 5 min of irradiation (total
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15 min), there was no change in the absorption spectrum of
the colloid which is an indication of a saturation of the
fragmentation process.

In order to confirm the above statements TEM analysis
of the colloid before and after irradiation has been made.
TEM micrograph of the nanostructures obtained after
ablation with 1064 nm of gold target in ethanol without
additional laser irradiation was already shown in Fig. 2e. In
Fig. 4a are presented a TEM image and the corresponding
histogram of the size distribution of the NPs obtained after
10 min laser irradiation by wavelength of 532 nm and
pulse energy of 60 mJ. It is clearly seen that as a result of
the laser irradiation spherical NPs with an approximately
uniform size (mean diameter = 9.5 nm) are formed
(Fig. 4a). Comparing the histograms of Fig. 2e (before
radiation) and Fig. 4a (after irradiation) it can be concluded
that as a result of irradiation the portion of particles larger
than 15 nm is greatly reduced. Decreasing of the standard
deviation from 3.9 to 2.8 nm as a result of irradiation
confirms the narrowing of particle size distribution implied
by narrowing of the SPR band in the spectra of Fig. 3a.

In the case of irradiation of the colloid produced by
ablation in chloroform the evolution of the absorbance
spectrum is quite different (Fig. 3b). Narrowing of the SPR
band is not observed despite that laser irradiation is per-
formed under the same processing conditions (4 = 532 nm
and Eps = 60 mJ). Instead, reduction of the absorbance
in entire analyzed spectral range accompanied by a blue
shift of the SPR maximum is observed. The significant blue
shift of the plasmon band from 553 to 526 nm after 5 min
of irradiation is primarily due to reduction in the particle
size as a result of the fragmentation of the larger particles
in the solution caused by absorption of the laser radiation.
For confirmation of this assumption, TEM analysis of the

Wavelength (nm)

Fig. 3 Evolution of the optical absorption spectra of two different Au colloids during the process of laser irradiation. Both Au colloids are
initially produced by laser ablation of gold in different liquid media: a ethanol and b chloroform
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Fig. 4 TEM images of Au NPs produced after laser irradiation by 532 nm and pulse energy of 60 mJ of colloids, initially prepared by laser
ablation of gold target in different liquid media: a ethanol and b chloroform

NPs in the colloid irradiated for 5 min is performed
(Fig. 4b). Observing TEM images of the NPs before irra-
diation (Fig. 2), and after irradiation (Fig. 4b), and com-
paring their respective histograms, it can clearly be noticed
that after the laser irradiation the particles larger than
30 nm completely disappear. Because of fragmentation of
larger particles, the mean particle size decreased to 8.6 nm
and the standard deviation is reduced to 6.6 nm. The
dynamics in the case of modification of colloid properties
by laser irradiation is still not clear. One should consider
also the presence of different components produced in the
ablation process and their role in the NPs size modification.
They may also include additional chemical reaction during
the post fabrication treatment.

4 Conclusion

In this study we have demonstrated the possibility of
obtaining Au NPs by laser ablation in three different lig-
uids—chloroform, toluene, and ethanol. A slight increase
in the mean particle size (from 9.3 to 11.5 nm) with
increasing the laser wavelength in the case of ablation in
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chloroform is observed. In the case of ablation in toluene
relatively small particles with mean size of 2.9 and 4 nm at
laser wavelength of 532 and 1064 nm, respectively, are
obtained. The laser ablation of Au target in ethanol using
1064 nm resulted in formation of spherical and spheroidal
NPs with diameter of 7.7 nm while the ablation by 532 nm
leads to appearance of uniform elongated nanostructures
with a mean thickness of 4.6 nm. A single well-defined
SPR band in the optical absorption spectra of the colloids
produced by laser ablation in chloroform and ethanol is
observed in contrast to the case of ablation in toluene. We
suppose that the absence of plasmon behavior of the Au
particles in toluene is due to the formation of carbon matrix
around the NPs in the colloid. The phase identification of
the SAED patterns of the samples produced by laser
ablation in chloroform, toluene and ethanol demonstrates
the presence of cubic gold. The additional laser irradiation
of the colloids produced by ablation in ethanol and chlo-
roform leads to a change in their optical properties and to
the modification of the size distribution of the NPs in the
solutions. The presented results indicate the ability of the
method of laser ablation in liquid as a tool for fabrication
of complex nanosystems whose characteristics can be
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controlled by the processing parameters. The precise tuning
of material characteristics would require understanding of
the complex physical mechanisms that play a role during
the ablation process and formation and dynamics of the
NPs.
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