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Nanoparticles and nanocrystallites of metals are useful for application in science and technology
due to the quantum confinement effect. Here we report formation of the nanoparticles during laser
ablation of different metals (Ag, Au, Sn, and Zn) in liquids. The investigation of the morphological
and absorptive properties of the nanoparticles synthesized during ablation in water using the 50 ns
pulses was performed. The 3-kHz repetition rate laser system allowed decreasing the ablation time
for the formation of nanoparticles in liquid phase. We also analysed the nonlinear optical properties
of the suspensions of synthesized nanoparticles using 1064 nm, 50 ns pulses at a 1 kHz repetition
rate. The enhanced two-photon absorption was observed in the suspension containing bimetallic
Ag&Au nanoparticles due to the increasing linear absorption coefficient at the wavelength of
the probing laser pulses. The single metallic Ag, Au, Sn, and Zn nanoparticles suspensions also
demonstrated the two-photon absorption process at the wavelength of 1064 nm laser pulses.

Keywords: laser ablation, nanosecond pulses, nanoparticles, two-photon absorption

I. INTRODUCTION

Interaction of the ultrashort laser pulses with metals allows the formation of the small-sized nanomaterials presented
in solutions [1, 2] and thin films [3–5]. Additionally, it allows the modification of the surfaces of metals during laser
ablation [6, 7]. The formation of nanoparticles (NPs) during pulsed laser ablation (PLA) can be explained by
two approaches: the “top-down” approach involving the breaking large pieces of material to generate the required
nanostructures from them and the “bottom-up” approach when single atoms and molecules are assembled into large
nanostructures. The “bottom-up” approach is the most suitable method to explain the peculiarities of this technique
for nanoparticles preparation. The formation of the nanoparticles of noble metals (Ag, Au and Cu) by PLA of metals
in liquids has been analyzed in a few reports (for example, [8–10]).

The influence of the parameters of laser pulses on the formation of NPs was discussed in numerous studies (for
example, see [11] and references therein). In [11], a comparison of the characteristics of the ablating nanosecond,
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picosecond, and femtosecond pulses allowing the formation of Ag, TiO2, and Au NPs in deionised water was reported.
The nanosecond pulses at 532 nm wavelength produced smaller NPs. The manganese nanoparticles synthesis by laser
ablation in various liquids was investigated using the 532 and 1064 nm, 50 ps laser pulses [12].

The importance of these metallic NPs suspensions is based on their resonance-enhanced nonlinear optical properties
in the case of the matching of their surface plasmon resonance (SPR) wavelengths with the wavelength of the probing
laser pulses [13]. In particular, the enhanced nonlinear optical response was observed in the Au NPs suspension at
the wavelength of 532 nm of the probing picosecond laser pulses due to the coincidence with the broadband SPR of
these structures (∼ 525 nm). The third-order nonlinear process was also studied in the bimetallic NPs suspension
using femtosecond fundamental laser pulses [14]. It was shown that the increasing linear absorption coefficient at the
wavelength of laser pulses leads to the growth of two-photon absorption (2PA) and variation of the sign of nonlinear
refraction.

In this paper, we apply the nanosecond pulses for ablation of Ag, Au, Sn, and Zn bulk targets to synthesize
the NPs in ethanol as the colloidal suspensions. The morphology and optical properties of the NPs were analyzed
using scanning electron microscopy (SEM) and optical spectroscopy. Their nonlinear optical properties at the 1 kHz
repetition rate of the nanosecond pulses were analyzed. The large 2PA coefficient was calculated in the case of the
suspension of mixed Ag&Au NPs compared with the pure Au and Ag NPs. 2PA was also measured in the suspensions
of Zn and Sn nanoparticles.

II. EXPERIMENTAL SETUP

We use a 3 kHz pulse repetition rate Nd:YAG nanosecond laser for ablation of metals in ethanol. The laser produced
50 ns pulses with 15 mJ pulse energy. The experimental setup for ablation of metal targets is described in [15]. Briefly,
the laser beam was focused normally onto a bulk sample mounted vertically in the wall of the cuvette with deionized
water. The focusing of laser beam was performed by using the 150 mm focal length lens. To measure the incident
pulse energy, a certain fraction of the incident light was split off by a beam splitter and measured with a pyroelectric
joulemeter (Ophir, Nova II). The uncertainty of this measurement was estimated to be 5%. The morphology of
nanosecond laser-induced surface modifications was studied using a SEM. The mechanically polished silver, gold, tin,
and zinc (with 99% purity) were used for laser ablation in ethanol. The range of laser fluencies used for the ablation
was varied between 5.2 and 9.6 J/cm2. The ablation time was maintained during 5 min for each sample. SEM (S-4800,
Hitachi) was used to characterize the morphology of the samples. The absorptive properties of NPs suspensions were
studied using an optical fiber spectrophotometer (HR4000, Ocean Optics).

Standard Z-scan technique was used to study the nonlinear optical properties of metal NPs suspensions [15]. The
fundamental radiation (λ=1064 nm) of the Nd:YAG laser (pulse duration 50 ns, pulse repetition rate 1 kHz) was
focused using a 250 mm focal length spherical lens. The beam waist diameter was 60 µm. The maximal intensity
of the laser beam at the focal plane was 1.5 × 108 W·cm−2. The 1-mm or 3-mm thick fused silica cells containing
metal NPs were moved along the z-axis by using the translating stage controlled by a computer. The moving of the
cell containing metal NPs along the z-axis allowed determining the variation of the normalized transmittance at the
varied intensity of the focused Gaussian beam. The energies of the initial and propagated laser pulses were measured
using the calibrated photodiodes. The open aperture (OA) schemes were used for determination of the nonlinear
absorption coefficients (β) of the samples.

III. RESULTS AND DISCUSSION

Figures 1a-1b present the SEM images of the particles synthesized during the ablation of the Ag and Au targets
using 50 ns, 1064 nm laser pulses at 3 kHz repetition rate. The spherical silver and gold NPs were synthesized in the
ethanol. Their SPRs were determined by measuring the optical densities of these NPs suspensions (Fig. 1d). The
SPRs of silver and gold NPs were centred at λ = 415 nm and λ = 570 nm, respectively. Usually, SPR of small-sized
gold NPs corresponds to the wavelength of 530 nm [13]. This shift of the SPR might be possible for the Au NPs of
larger sizes. Figure 1c shows the SEM image of the NPs of Ag and Au after mixing in the ethanol. Correspondingly,
in the optical density spectrum of the mixed NPs suspension, two peaks of SPR were observed (Fig. 1e). The
measurement of the optical density spectrum of the Ag&Au bimetallic nanoparticles demonstrated the increasing of
the absorption coefficient at the wavelength of 1064 nm, which led to the enhancement of the two-photon absorption
coefficient in this suspension.

The ablation of pure Zn and Sn was also performed in ethanol using the 50 ns, 1064 nm pulses at 3 kHz repetition
rate. After laser ablation we examined the morphological properties of the ablated particles. The presence of Zn NPs
was confirmed by SEM analysis of the sample (Fig. 2a). In the case of ablation of Sn, the spherical Sn NPs, were
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FIG. 1: SEM images of (a) Ag NPs, (b) Au NPs, and (c) mixture of Ag and Au NPs synthesized by ablation of the bulk Ag
and Au in ethanol. Inset: the size-distribution of NPs were presented. (d) Optical density spectra of the Ag (blue curve) and
Au (red curve) nanoparticles suspensions. (e) Optical density spectrum of the Ag and Au nanoparticles mixed using the equal
volumes of suspensions.

FIG. 2: SEM images of (a) Zn nanoparticles and Sn nanoparticles synthesized during ablation of Zn and Sn targets using 50
ns, 1064 nm pulses. Inset: the size-distribution of NPs were presented. (c) Optical density spectra of the Zn (red curve) and
Sn (black curve) nanoparticles suspensions.

observed (Fig. 2b). After laser ablation we also tested the optical properties of those. We analysed absorbance of
the suspension at the UV-VIS and mid-IR spectral ranges (Fig. 2c). The NPs produced by nanosecond pulses have
larger particle size and broader distribution, while the NPs obtained by ultrashort pulses have smaller particle size
with narrower distribution [16]. A single pulse with longer pulse duration interacts with the metal target surface for
a longer time, and the target absorbs more heat, providing conditions for the formation of larger particles, while in
the case of shorter pulses a significantly smaller time of heating allows synthesizing only small particles. Thus the
overall sizes of NPs become smaller with narrow distribution in the case of shorter pulses.

The nonlinear optical response of prepared samples was measured using the Z-scan technique [17] and 1064 nm, 50
ns, 3 kHz repetition rate pulses (Figs. 3 and 4). The open aperture scheme of Z-scan was performed for determination
of the values of the nonlinear absorption coefficients of the colloidal NPs suspensions. The normalized transmittance
of the samples were recorded by registration system for further a fitting procedures of Z-scan curves is performed.

In the case of the OA Z-scans, we used following equation to fit the experimental data [18].

T (z) =
ln [1 + q0(z)]

q0(z)
(1)

Here, q0(z) = q0/(1 + z2/z20) , q0 = βI0Leff is a fitting parameter, z0 = k(w0)2/2 is the Rayleigh length, k = 2π/λ
is the wave number, w0 is the beam waist radius at the 1/e2 level of intensity distribution, I0 is the intensity in focal
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FIG. 3: The dependencies of the normalized transmittances on the position of the Ag and Au NPs suspensions regarding to
the focal plane of the focusing lens. Left panel shows the OA Z-scans of Ag (blue empty squares) and Au (red empty circles)
NPs suspensions. Right panel shows the OA Z-scans of Ag+Au NPs suspension in the case of the 1 mm (blue empty circles)
and 3 mm (red empty circles) thick cells filled with this suspension. Solid curves in these graphs show the fittings to these OA
Z-scans.

FIG. 4: The dependencies of the normalized transmittances on the position of the Ag and Au NPs suspensions regarding to
the focal plane of the focusing lens. Left panel shows the OA Z-scans of Ag (blue empty squares) and Au (red empty circles)
NPs suspensions. Right panel shows the OA Z-scans of Ag+Au NPs suspension in the case of the 1 mm (blue empty circles)
and 3 mm (red empty circles) thick cells filled with this suspension. Solid curves in these graphs show the fittings to these OA
Z-scans.

plane, Leff = [1− exp(−α0L)]/α0 is the effective length of the medium, α0 is the linear absorption coefficient, and L
is the thickness of sample. The measured nonlinear optical parameters of NPs suspensions are presented in Table 1.

Various factors may affect the formation of NPs during laser ablation of metals in the liquids [19]. The role of
specific factors on the ablation process varies greatly from target to target. Noted that the morphology variations of
the ablated NPs will be affect to their nonlinear optical responses. For example, the variation of the nonlinear optical
properties of the Cu NPs and its CuO nanoellpsoids (NEs) were reported in Ref. [20]. Due to the variation of the
band-gap energy of the Cu NPs after formation of the CuO NEs, the enhancement of the nonlinear refraction index of
suspension was observed. Moreover, the dopants like rare-elements alter the structural parameters such as crystallite
size, lattice constants, stress-strain mechanisms, etc., and hence related nonlinear optical properties [21].

Variable shapes and sizes of the zinc oxide nanostructures attract the attention due to the peculiarities of their
nonlinear optical properties [22]. In our case, the NPs produced in ethanol by laser ablation of a few metals with
notably different hardness and melting points were analyzed. The open aperture Z-scan allowed to study nonlinear
optical absorption in the NPs suspensions at the 1064 nm 50 ns laser pulses. In the meantime, we noted that the
closed aperture Z-scan studies did not provided due to the strong defocusing of laser pulses based on the thermal
effect in the NPs suspensions. In previous studies the nonlinear refractive effect was studied by using 1064 nm 50
ps laser pulses [13]. The Kerr-induced effect, which was due to the electronic response of the particles, seems to
be the most important optical process contributing at short laser pulses to the nonlinear refraction of NPs in the
field of picosecond laser pulses. Increasing pulse duration and repetition of the laser pulses can be also influenced to
the nonlinear refractive effect which is the nonlinear contribution to the refractive index in appropriate experimental
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TABLE I: The nonlinear optical parameters of NPs suspensions measured using the 1064 nm, 3 kHz repetition rate, 50 ns
pulses. The intensity of probing laser pulses was 1.5 × 108 W/cm2

Sample
Effective length of the sample

Leff=1 mm Leff=3 mm

Pure Ag NPs
q0 = βI0Leff = 0.1 -

β = 6.67 × 10−9cm/W -

Pure Au NPs
q0 = βI0Leff = 0.4 -

β = 9.33 × 10−9cm/W -

Ag+Au NPs
q0 = βI0Leff = 0.8 q0 = βI0Leff = 7.9

β = 5.33 × 10−8cm/W β = 1.75 × 10−7cm/W

Zn NPs
q0 = βI0Leff = 1.1 q0 = βI0Leff = 5.6

β = 7.33 × 10−8cm/W β = 1.24 × 10−7cm/W

Sn NPs
q0 = βI0Leff = 0.31 q0 = βI0Leff = 2.11

β = 2.57 × 10−8cm/W β = 4.69 × 10−8cm/W

conditions can be due to the thermal effect.

IV. CONCLUSIONS

In conclusion, we have studied the formation of nanoparticles in the ethanol during laser ablation of metals using
50 ns, 1064 nm pulses at a 3 kHz repetition rate. It was shown that the relatively low-cost laser system might be
utilize for study low-order nonlinear optical processes in the suspension of metal nanoparticles. In this studies, the
two-photon absorption was observed in these suspensions at the 1064 nm probing laser pulses. This process was
stronger in the case of the bimetallic Ag&Au nanoparticles due to the increasing linear absorption coefficient at the
wavelength of the probing laser pulses. In the meantime, the single metallic Ag, Au, Sn, Zn nanoparticles suspensions
demonstrated weaker two-photon absorption properties.
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