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Abstract

The relations between macroscopic and microscopic characteristics of materials are of utmost
importance for synthesis of multi-atomic structures with advanced properties. We analyze the
influence of pulse duration, pulse energy and temperature of liquid on the process of formation of
nanoparticles (NPs) of the metals (In, Sn, Zn and W) with different hardness and melting temperature
by laser ablation in liquid environment. Composition, morphology dynamics and properties of
nanoparticle suspensions are studied using TEM analysis and Z-scan technique. The nonlinear optical
properties of NPs are analyzed at 800 and 400 nm using 60 fs and 200 ps pulses. We show that pulse
energy have little influence on the formation, morphology and size of NPs during ablation of low
hardness and melting point metal (In). However, pulse duration plays a very important role during the
formation of NPs, especially the ultra-short pulse has a positive effect on the preparation of NPs with
smaller particle size. In addition, the temperature of liquid environment influences the formation of
NPs and their nonlinear optical properties.

1. Introduction

Nanoparticles (NPs) are extensively researched because of their promising applications in sensors,
nanophotonics and materials with new properties [ 1-8]. Metal NPs of In, Sn, Zn and W with different hardness,
melting and boiling points, represented by, have been widely used in photoelectron and chemical industries

[9, 10], ultraviolet photo detectors [11, 12], sensing devices [13—17], super capacitors [18], new materials
[19-21], photonics [22], biomedical applications [23, 24], etc.

Currently, the synthesis of NPs mainly includes sol-gel technology [25], thermal decomposition [26],
microwave - assisted production [27], reactive magnetron sputtering [28], pulsed laser deposition [29, 30], and
pulsed laser ablation [31-34]. The synthesis of metal and metal oxide NPs by laser ablation in liquid
environment is also an example of ‘green’ nanotechnology. Many factors, such as the temperature of liquid, the
duration, intensity, wavelength, polarization, and repetition rate of the laser pulse, make it possible to control
the morphology and size of the NPs. In-depth research and analysis of characteristics of NPs greatly increases
their application area. In, Sn, Zn and W are chemically active, and can be easily oxidized in water, especially due
to laser ablation. So, it is doubtable if the ablated NPs are still metal-only. Laser ablation-induced oxidation of
metal NPs in water was reported in [10, 22, 33].

We studied the formation of NPs of metals with low and high melting point, boiling point and hardness (In
and W, correspondingly). We also analyzed ablation of Sn and Zn, which possess intermediate characteristics.
We study the dependence of nonlinear optical characteristics of synthesized NPs on these macroscopic
properties of bulk materials.

© 2019 IOP Publishing Ltd
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Table 1. Parameters of pulses used for laser ablation.

Pulse Wavelength Repetition
Laser duration (nm) rate (Hz)
Nd:YAG 5ns 1064 10
Ti:sapphire 200 ps 800 1000
60 fs 800 1000
(a)
| §
.". w -
.-
(b) L

Figure 1. Experimental layouts for (a) laser ablation of metals in liquid environment and (b) Z-scan studies. (a) L: lens, f = 150 mm.
(b) L: lens, f = 400 mm, S: sample, A: aperture, PD: photodiode, O: oscilloscope, PC: computer, TS: translation stage.

Table 2. Parameters of laser ablation of In target.

Used Pulse Fluence Intensity (x 10" Duration of abla- Temperature of
pulses Sample energy (mJ) (Jem 3 Wem %) tion (min) liquid (°C)
5ns In-ns 30 667 1.3 10 20
200 ps In-ps 0.54 12 0.6
60 fs In-fs 0.54 12 2000
200 ps In-ps01 0.53 12 0.6 15
In-ps02 0.45 10 0.5
In-ps03 0.29 6.4 0.32
In-ps04 0.25 5.6 0.28
In-ps05 0.15 3.3 0.17
In-ps06 0.04 0.9 0.05
200 ps In-low 0.54 12 0.6 15 4
In-high 12 0.6 80

2. Experimental arrangements

A 150 mm focal length lens was used to focus laser pulses on the surface of the metal targets, which were placed in
a 30 mm long quartz cell containing 10 ml of distilled water. Quartz cell was moved along the X-Y directions
during ablation, and the target was placed 25 mm away from the input window. The diameter of the focusing
spot after focusing was 76 ym. The parameters of the used pulses are shown in table 1. The experimental setup is
shown in figure 1(a).

We studied the influence of pulse duration, pulse energy and temperature of the liquid on the formation of
NPs of In as a metal with low hardness, melting and boiling points. The relevant parameters are shown in table 2.
In addition, several other metals (Sn, Zn and W) with higher hardness, melting and boiling points were also used
in these studies. The parameters of laser ablation of Sn, Zn and W are shown in table 3. The fluence of laser
radiation on the target surface was determined by measuring the laser energy of each pulse and the spot area of
the beam. It is noteworthy that the pulse energy mentioned in the table is the total energy of each single pulse. In
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Table 3. Parameters of ablation of Sn, Zn and W targets.

Target  Used pulses Sample  Pulseenergy(m])  Fluence(J cm™?) Intensity (x 10""Wem™)  Duration of ablation (min)

Sn 5ns Sn-ns 52 1160 2.32 40
200 ps Sn-ps 0.54 12 0.6
60 fs Sn-fs 0.87 19 3170
Zn 5ns Zn-ns 102 2267 4.53 20
200 ps Zn-ps 0.54 12 0.6
60 fs Zn-fs 0.87 19 3170
w 5ns W-ns 52 1160 2.32 80
200 ps W-ps 0.54 12 0.6 40
60 fs W-fs 0.87 19 3170 40

addition, in order to facilitate comparison, the corresponding fluence and intensity of focused beam are
presented.

Nonlinear optical properties of ablated samples were studied using the standard Z-scan technique [35].
Before the Z-scan measurements we analyzed the spatial characteristics of probe beams using a CCD camera
(Thorlabs) and confirmed that the beam profiles in the focal area were close to Gaussian, which is a prerequisite
for the analysis of Z-scan traces using the relations developed for this technique. The laser pulse was focused by a
lens with a focal length of 400 mm, and then the radiation was transmitted through the sample (2-mm-thick cell
filled with NPs suspension) and measured by a broad-area photodiode (figure 1(b)). The description of our
scheme is reported in [36].

The nonlinear absorption coefficients (3) of these samples were calculated from the open-aperture (OA)
Z-scan curves. To obtain closed-aperture (CA) Z-scans, the aperture in front of photodiode was partially closed
to allow 10% of incident energy pass towards the photodiode. The CA Z-scan curve allowed determination of
both fand nonlinear refractive index (y) of the analyzed samples. The 400 nm radiation (second harmonic of
800 nm pulses) was used to study the effect of wavelength on the nonlinear optical properties of metal NPs
suspensions.

3. Morphology and optical characterization of NPs

These colloidal suspensions obtained at different heating pulse duration, pulse energy and liquid temperature
were analyzed by ultraviolet-visible (UV—vis) absorption spectrometry (Cary Series, Agilent Technologies),
scanning electron microscopy (SEM, S-4800, Hitachi) and transmission electron microscopy (TEM, JEM 2100F,
Jeol) to determine the surface plasmon resonances (SPR), morphology, size of particles and distribution of NPs
correspondingly. In order to analyze the chemical composition and microcosmic structure of NPs, x-ray
Diffraction (XRD, D8 Discover, Bruker AXS) was carried out in the case of In NPs. Indium, as a very soft metal
(Mon’s hardness: 1.2), has a very small melting point (156.76 °C). Its heat of melting and heat of evaporation are
3.263 kj mol ' and 231.5 kJ mol ! respectively. Obviously, indium is a very easily ablated metal. The SEM
studies of NPs suspensions showed that the morphology of these samples was changed during a few days after
ablation. The initial NPs showed regular spherical shape with broad size distribution for different pulse duration
(5ns,200 psand 60 fs), ablation energy and different temperatures (high and low) of distilled water (figure 2(a)).
Surprisingly, after a few days their morphology changed towards the cubic and rectangular structures with
narrower size distribution, while the suspensions still contained a small amount of spheroid and rod-like
particles (figure 2(b)).

The initial morphologies of NPs prepared by ns and ps pulses, including ps ablation with different energies
and different water temperatures are similar. They all show regular spherical structure at first, and the cube-like
shape structure appear after several days of aging. In the following months the morphology and size of particles
remained stable. The nonlinear optical properties of NPs suspensions were carried out at this stage of cubic
morphology.

In the case of different pulse durations, the morphology and size of NPs obtained by ns and ps pulses (both at
the beginning of ablation and after aging) were not significantly different, that is, the single pulse of 200 ps and 5
ns have basically the same influence on the ablation and further morphology modification in the case of In. This
is mainly due to the low hardness, melting and boiling point of In target, the low sensitivity to external ablation
environment, and similar ablation effect can be achieved at different ablation conditions.

In addition, it is worth noting that in the case of ps pulses with different energies. SEM images show that the
change of ablation energy did not make a significant difference in morphology and size of NPs. There are two
main reasons for this result. On the one hand, it is easy to find although all of them, a single pulse energy, fluence
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Figure 2. (a) SEM image of initial In NPs obtained by ps (pulse duration: 200 ps, wavelength: 800 nm, pulse energy: 0.54 m], duration
of ablation: 10 min) and ns (pulse duration: 5 ns, wavelength: 1064 nm, pulse energy: 30 mJ, duration of ablation: 10 min) pulses. (b)
SEM image of the same suspension after two days. (c) TEM image of cuboid In NPs obtained using ablation by ps pulses (pulse
duration: 200 ps, wavelength: 800 nm, pulse energy: 0.54 mJ, duration of ablation: 10 min). (d) SEM image in the case of ablation by fs
pulses (pulse duration: 60 fs, wavelength: 800 nm, pulse energy: 0.54 mJ, duration of ablation: 10 min). (e) Absorption spectra of the
aqueous solutions of In NPs obtained by different pulse duration (5 ns, 200 ps and 60 fs). (f) Absorption spectra of the aqueous
solutions of In NPs synthesized by ps pulses with different energies. Inset: absorption spectra of the same suspensions after 50 days.

or intensity have difference, showing a decrease trend, there are no significant differences in magnitude of those
parameters (see table 2). That is to say, for the ablation of In target, the change of pulse energy in a small range
cannot bring observable effect on ablation. On the other hand, In is a very soft material, with low melting and
boiling points and, hence, low ablation threshold. Thus the lower ablation energy can lead to the same effect as

the high energy of heating pulses.

More importantly, while comparing the ablation by ns and ps pulses, one can find that the ablation intensity
of ns pulses is not significantly different from that of ps pulses, but the fluence of ns pulses is notably larger than
that of ps pulses. In spite of a large difference between the fluences of ns and ps pulses, the consistency of
morphology and particle sizes seem to imply that the fluence does not has a decisive effect on the ablation of the

studied metal targets.
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TEM studies of particles obtained by ps pulse are shown in figure 2(c). There were no obvious lattice
structures and the corresponding interference patterns. However, the results of ablation in the case of short pulse
duration (60 fs) were significantly different. In the case of fs pulses just after ablation its morphology was not
significantly different from that of the former two cases, but after several days of aging most of its particles had
rod-shaped structures and some of the smaller sized cubic and rod-like structures(figure 2(d)). Compared with
the former cases (i.e. ns and ps pulses), the particle size was significantly reduced. Obviously, this effect is mainly
caused by the pulse duration, thus pointing out that the use of ultra-short pulses plays an important role in
synthesizing smaller-sized NPs.

The initial absorption spectra of aqueous suspensions of In NPs produced by ablation of In bulk using laser
pulses of different duration are shown in figure 2(e). The SPR peak waslocated at A ~ 260 nm (E = 4.57 eV).
The result is consistent with the SPR peak of In NPs obtained by chemical methods [37]. The plasma resonance
peak of In NPs with chloroform as dispersant has been reported at 240 nm in [38]. This difference is mainly due
to the effect of the solvent. It has been reported that the position of the SPR peak is strongly dependent on the
solvents [39], morphologies [40] and size [41] of the NPs. However, compared to chemical synthesis, pulsed
laser ablation in liquid environment provides a green, safe and efficient synthesis. The shapes of absorption
curves and peak positions of SPR were similar to each other. However, the absorption of the In suspensions
obtained by ps and fs pulses was significantly stronger than in the case of ns pulses, mainly because the repetition
rate of the former pulses (1 kHz) was significantly higher than that of the latter pulses (10 Hz). Therefore, the
number of ablation ns pulses was significantly smaller during the same ablation time.

In the case of ablation of In by ps pulses the absorption spectra of In NPs were analyzed using different
energies of laser pulses (figure 2(f)). Their absorption spectra after 50 days from ablation are shown in the inset of
figure 2(f). In the latter case, one can see the disappearance of the peak related with the SPR of In. The possible
factors leading to the disappearance of peak were mainly caused by the change of the morphology and chemical
composition during aging. Obviously, these two factors coexist during the aging process.

The height of SPR peak depended on the pulse energy during ablation (figure 2(f)). The larger pulse energy
led to larger concentration of small-sized particles at the same ablation time that led to higher absorption along
the whole spectral range. The SEM images showed that the initial morphology and sizes of spherical particles
obtained using different pulse energies were approximately the same. This similarity led to insignificant
difference in the position of SPR.

Note the dramatic change of NPs morphology over time. A few days after the end of ablation the samples
showed significant aggregation in square-like, cubic and rectangular forms, thus erasing the difference in
ablation conditions. Particularly, they did not show a dependence on the energy used in preparation. The
continuous SEM tests showed that no significant difference in morphology and size of particles in the three
following months after the formation of the cubic particles had occurred. At that time the SPR entirely
disappeared from the absorption spectra (see inset in figure 2(f)).

Snis also a soft metal, while it has slightly larger hardness compared with In (Mon’s hardness: 1.5). Melting
and boiling points of Sn are 232 °C and 2260 °C respectively. Compared with the former, Zn is relatively hard
(Mon’s hardness: 2.5), and the melting point of Zn is 419.53 °C, that is higher than those of the first two metals.
The results of SEM (figure 3(a)) and TEM (inset of figure 3(a)) studies showed that the size of Sn NPs varied from
4 to 8 nm, and there were obvious lattice related interference patterns. Note that the results of ablation using ns
and ps pulses showed no significant difference in size and morphology of NPs, but the NPs obtained at fs
conditions were relatively smaller. This conclusion is completely consistent with what we seen in the former
case, which is an additional confirmation of the conclusion that the ultra-short pulses allow obtaining smallest
NPs. Compared with In, Sn NPs were not changed significantly during a few days after ablation, and their
spherical shape and size of particles remained stable in the next few months. Their nonlinear optical
characterization was carried out at the condition of completely stabilized morphology. Later, significant
aggregation appeared, being more prominent with the passage of time.

As arelatively hard metal, Zn ablated by pulses of different duration demonstrated a difference from the
previous two metals. The most obvious feature is that the pulse duration has a significant effect on the
synthesized particles’ sizes. The particles, which were prepared using different duration of pulse, showed
irregular fracturing morphology. This is what they have in common in terms of morphology. The effect of pulse
duration is mainly influences the particles’ sizes. In the case of ns pulse, the size distribution of particles was
extremely broad, ranging from several nanometers to nearly 100 nm. The size distribution of particles was
relatively narrower during ablation using ps pulses (10—40 nm). This trend was more significant when fs pulses
were used. Interestingly, after nearly two months of aging the Zn NPs showed significant changes in
morphology, presenting a cubic structure and a significant increase in size of particles (inset of figure 3(b)).

The absorption spectra of initial Sn and Zn NPs suspensions were carried out immediately after the ablation
using the pulses with different durations. Additionally, their absorption spectra after 50 days are shown in
figures 3(c) and (d) respectively. The hardness, melting point and boiling point of these metals is average among
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Figure 3. (a) SEM image of Sn NPs obtained using ps pulses (pulse duration: 200 ps, wavelength: 800 nm, pulse energy: 0.54 m]J,
duration of ablation: 40 min). Inset: TEM image of the same species. (b) SEM image of Zn NPs obtained using ps pulses (pulse
duration: 200 ps, wavelength: 800 nm, pulse energy: 0.54 mJ, duration of ablation: 20 min). The morphology and size of particles
remained stable for two months. Inset: SEM results after two months. (c) Absorption spectra of aqueous solutions of Sn NPs obtained
at different pulse durations (5 ns, 200 ps and 60 fs). Their SPR peak position was at A = 240 nm (E = 5.14 eV). Inset: absorption
spectra after 50 days. (d) Absorption spectra of the aqueous solutions of Zn NPs obtained at different pulse durations (5 ns, 200 ps and
60 fs). Their SPR peak positions wereat A = 230nm (E = 5.39eV)and A = 340 nm (E = 3.65 V). Inset: absorption spectra after 50

days.

the four chosen species. In the case of Sn NPs suspension their SPR was atabout A = 240 nm (E = 5.1eV).
Compared with the former two metals, Zn is a special case, and there are two resonance peaks. The first is at
A~ 235nm (E ~ 5.2¢eV),and thesecondisat A = 340 nm (E = 3.7 eV). The second one (E = 3.7eV) iswell
consistent with the absorption of ZnO [42—45]. The mixture of Zn and ZnO was be obtained by ablation Zn
target in liquid environment. The results are in good agreement with [46] .

W is ametal with very high Mon’s hardness (7.5). Compared to the preceding metals, W has very high
melting (3410 °C) and boiling (5927 °C) points. Because of this, ablation of W is very difficult. At present, W NPs
are mainly produced by chemical synthesis methods, such as magnetron sputtering, gas aggregation [47, 48],
selective precipitation [49], reverse micelle method [50], solvothermal decomposition [51], plasma expansion
[52]. SEM image of W suspension showed the presence of 10 to 30 nm sized NPs, which were not changed with
the time (figure 4(a)). This is mainly due to the fact that W is difficult to hydrolyze or oxidize with water and
oxygen at this experimental condition, so the morphology of particles formed by plume cooling has better
stability. The initial absorption spectra of W NPs were studied in the case of different pulse durations, and their
absorption spectra after 50 days of aging shown in figure 4(b). The absorption spectra of the solution of NPs
obtained using ps pulses had SPR peak at A ~ 320 nm (E = 3.86 eV). After 50 days the SPR peak had a strong
blue shift (A ~ 260 nm, E = 4.75¢V).

In order to analyze the chemical composition of the NPs, XRD was carried out for the In NPs, which were
obtained by ps pulses. In view of the rapid hydrolysis and oxidation reaction of the newly synthesized NPs with
surrounding environment during a very short period of time after ablation, the structure and composition of
NPs are changing rapidly and becoming unstable. Therefore, the NPs with stable morphology and structure are
selected for the measurement of XRD. The results are shown in figure 5.
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Figure 4. (a) SEM image of W NPs obtained using ps pulses (pulse duration: 200 ps, wavelength: 800 nm, pulse energy: 0.54 mJ,
duration of ablation: 40 min). (b) Absorption spectra of aqueous solutions of W NPs obtained using different pulse durations (5 ns,
200 ps and 60 fs). SPR peak position was at A = 320 nm (E = 3.86 V). Inset: absorption spectra after 50 days, and the peak of SPR had
ashiftto A = 260nm (E = 4.75¢eV).
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Figure 5. XRD of NPs obtained during In ablation by ps pulses after several days of aging.

Indium can hydrolyze and oxidize with water and oxygen to form In(OH); and In,O5. The XRD results have
confirmed this assumption. In addition, we assumed that most metals in this study can oxidize with oxygen to
form metal oxides. Therefore, the colloidal solution obtained by ablation of Sn and Zn is more likely to be a
mixture of metal NPs and metal oxide NPs. However, there is no possibility of oxidation and hydrolysis of
tungsten because of its high stability.

4.Nonlinear optical studies of NPs suspensions

Ti:sapphire laser (Spitfire Ace, Spectra-Physics, 60 fs pulse duration, 800 nm wavelength, 1 kHz pulse repetition
rate) was used as the source for Z-scan studies. The second harmonic of Ti:sapphire laser (400 nm wavelength)
was also used in these studies. In the case of OA Z-scans the following formula was used for fitting the
experimental data [35]:

(=" q
T =S — ¥~ 1
@=2 Ty g M
_ BIOLeﬁ’
1+ z%/zy?

Here T(z) is the normalized transmittance along Z-scans, 3 is the nonlinear absorption coefficient
determined in SI units, Lo = [1—exp(—ayL)]/ o is the effective length of the medium, oy is the linear
absorption coefficient, L is the thickness of our samples, z, is the Rayleigh length, z, = k(wo)?/2,k = 27/ \is the
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Figure 6. Experimental results (points of different shapes) and theoretical fittings (solid curves) of the Z-scans of NPs solutions
obtained by ablated In bulk with different energies of ablation using 60 fs, 1 kHz (a), (b) 400 nm and (c), (d) 800 nm laser pulses (see
table 2).

wave number, w; is the beam waist radius at the 1/e” level of intensity distribution, and I, is the laser radiation
intensity in the focal plane. From the fitting the value of g = 3 I,L.sat focal plane (z = 0), one can find the
nonlinear absorption coefficient 5 = q/IyLes

In the case of CA Z-scans the process of nonlinear refraction and absorption is described by [53]

— px2 _
2(—px” + 2x Sp)Aq)

T& =1+ = e 1

(@)

wherex = z/zy p = /2ky, APy = kylyLesr, APy is the phase change due to nonlinear refraction. The
corresponding nonlinear refractive index can be obtained using the relation v = A®/klyL.g, and AP, defined
from the fitting with experimental data. Then (3 can be calculated from the p determined using the fitting
procedure.

Before these experiments, the fused silica cell containing distilled water was tested by the Z-scan at different
pulse energies. In that case, we did not observe any nonlinear optical absorption and refraction. Meanwhile, the
nonlinear optical response of the aqueous suspension containing metal NPs was observed even at low pulse
energy. Therefore it was concluded that the nonlinear optical refraction and absorption of studied colloidal
suspension were attributed to the metal NPs.

4.1.In NPs suspensions

Samples 01 to 06 were obtained by ablation In target using different incident energy of ps pulses. The nonlinear
optical properties of these samples were studied using 400 (figures 6(a), (b)) and 800 nm (figures 6(c), (d)) fs
pulses. Both at 400 or 800 nm no significant difference was observed in OA and CA Z-scan curves of these
samples obtained using different pulse ablation energies. SEM images also showed that these NPs have no
significant difference in morphology, size and concentration. Meanwhile, the absorption spectra of different
samples showed regular changes. Absorption of samples obtained using high pulse energy was significantly
stronger compared with the samples obtained using low pulse energy. Obviously, the concentration of In atoms
in suspension was increased at higher energies of ablation pulse that led to the growth of a whole absorption.
However, the concentration of NPs did not change significantly with increasing the ablation pulse energy. These
studies show that the nonlinear optical properties of ablated materials largely depend on the concentration of
NPs in suspension, rather than the concentration of atoms or molecules. That is why the Z-scans of samples
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Figure 7. Experimental results and theoretical fittings of CA and OA Z-scans of NPs solutions obtained by ablated In bulk at different
temperatures of liquid using 400 (a), (b) and 800 nm (c), (d) 60 fs, 1 kHz laser pulses.

01-06 were similar to each other. The error bars (+5%) of these and other measurements of metal suspensions
were the same during entire course of studies. The error bars of the values of yand S were £25%.

Under different wavelength conditions, CA Z-scans of all samples showed the self-focusing properties, while
OA Z-scans showed the two-photon absorption. In the case of A = 400 nm, Z-scans were carried out using the
intensity of 4 x 10'®W cm ™ The nonlinear refractive index and nonlinear absorption coefficient were
measuredtobe2 x 107> cm®> W 'and4 x 107" cm W™ respectively. Meanwhile, at 800 nm,

Iy = 1.3 x 10" W cm™?), the corresponding nonlinear characteristics were defined to be a few times smaller
(y=4x10"cm*W 'and3 =1 x 10 "'cm W ).

800 nm fs laser was used at different incident energies to analyze the nonlinear optical properties of sample
In-ps06. The results showed that, as for other NPs, its nonlinear optical properties have a strong correlation with
incident energy. When we increased the incident intensity from 5 x 10'°W cm *to8 x 10'°W cm ™ *and
11 x 10'°°Wcm™2 the corresponding nonlinear refractive index was increased from 7.3 x 10 % to
8.6 x 10 'and 9.4 x 10 '®cm® W™ '. The corresponding nonlinear absorption coefficients were measured to
bel.l x 107',2.3 x 107" and7 x 107" cm W™ '. Thus, both yand 3 were changed with the growth of
incident energy. Notice that there was no linear relationship between these parameters. These observations show
that some additional nonlinear optical processes cause the growth of yand 5, since the latter parameters should
not depend on incident energy (and, correspondingly, intensity) of the probe pulses if we consider the
involvement of solely third-order nonlinearities in the processes of nonlinear refraction and nonlinear
absorption.

The ablation of In target in liquid environment was studied at different temperatures of water [high (80 °C)
and low (4 °C)]. The nonlinear optical properties of the samples obtained using the same pulse energy and
ablation time but at different temperatures of liquid were studied using fs pulses at 400 and 800 nm respectively
(figure 7). The results of Z-scans showed that the temperature of water slightly affects the formation of NPs
during ablation, thus insignificantly changing the nonlinear optical characteristics of suspension. Particularly, at
A = 400nm, Iy= 4 x 10'°W cm™?, the nonlinear refractive index and nonlinear absorption coefficient of
sample obtained at high temperature (y = 2.2 x 107" ecm*W ™, 3 = 3.1 x 107" cm W) were slightly
larger than those obtained at low temperature (y = 1.8 x 10° > cm*W ', 3 = 2.3 x 10" cm W™ "). The
reverse results were obtained in the case of 800 nm probe fs pulses ([, = 8 x 10'® W cm™?). Z-scans showed that
7 of the sample obtained at low temperature (y = 9.4 x 10~ '® cm* W™ ") was larger than that of sample
obtained at high temperature (y = 6.5 x 10~ ¢ cm® W"). The same was true for OA Z-scan. 3 of the sample
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Table 4. Nonlinear optical parameters of In suspensions.

Wavelength (nm) I(Wcm™?) Sample Becm W™ y(em? W
400 4 x 10" In-ps-high 3.1 x 1071 22 x 107"
In-ps-low 23 x 10710 1.8 x 1071

x 10" In-ps01~06 4x 107" 2x 107"

800 1.3 x 10" 1x 10" 4x107'°
5 x 10" In-ps06 L1 x 10" 7.3 x 1071

8 x 10'° 2.3 x 1071 8.6 x 1071°

11 x 10" 7 x 107" 9.4 x 1071

8 x 10" In-ps-high 1.3 x 107" 6.5 x 1071

In-ps-low 1.8 x 107" 9.4 x 1071

400 x 10" In-ns 5.4 x 107! 2x 107"
800 1.3 x 10" 1x 107! 6.3 x 1071°

obtained at low temperature was (1.8 x 10" cm W™ ") that is higher than 3 for high temperature
(13 x 107 emW™).

Analysis of In NPs suspensions prepared using ns pulses showed that, in the case of 400 nm fs pulses and
incident intensity of Iy = 4 x 10'° W cm 2, the nonlinear refractive index and nonlinear absorption coefficient
of sampleswere2 x 10~ "> cm® W 'and5.4 x 10~ "' cm W respectively. For the samples prepared using ps
pulses the Z-scans (60 fs, 400 nm) showed exactly the same v, while 3 was only slightly different
(4 x 107" cm W), In the case of 800 nm pulses (I = 1.3 x 10"' W cm ™) the nonlinear optical properties of
the sample prepared using ns pulses werey = 6.3 x 10" '°*cm®*W 'and 3 = 1 x 10~ "' cm W~ The results
are basically consistent with the experimental results of the samples prepared using ps pulses.

In the case of ablation by ps pulses with different energy there was no significant difference in morphology,
size of particles and concentration of these samples. Their nonlinear refractive indices and nonlinear absorption
coefficients were almost the same. Incident pulse intensity, pulse wavelength, as well as temperature of water
during ablation slightly influenced the nonlinear optical properties of NPs. The nonlinear optical characteristics
of NPs suspensions are collected in table 4.

4.2.Sn, Zn, and W nanoparticle suspensions

The Sn target was ablated to obtain NPs by different pulse durations (5ns, 200ps and 60fs pulses, the
corresponding samples are marked as Sn-ns, Sn-ps and Sn-fs respectively). The nonlinear optical properties of
Sn suspensions were studied using fs pulses (400 nm, figures 8(a)—(d) and 800 nm, figures 8(e), (f)). In the case of
400 nm radiation the CA Z-scans showed that the nonlinear optical characteristics of different samples have no
significant difference at the same intensity of probe pulses (figures 8(a), (b)). The CA Z-scans showed that when
the incident intensity increased from Iy= 1.5 x 10'°Wcm *tol, = 3.3 x 10'°W cm 2and I,

= 4.4 x 10" W cm™2 the corresponding nonlinear refractive indices became 3 X 107152 x 107" and

1.7 x 10" cm® W™ ! respectively. Thus, the nonlinear refraction slightly decreases with increase of probe pulse
intensity. All of the samples showed self-focusing properties. In the case of OA Z-scan the two-photon
absorption of 400 nm radiation was observed. We analyzed the samples ablated by long (Sn-ns) and short pulses
(Sn-fs). These Z-scans showed no significant difference when using small intensity (figure 8(c)). The increase of
probe pulse intensity slightly changed 3 (figure 8(d)).

In the case of 800 nm pulses the Z-scans notably varied for different ablation conditions compared with the
above-described experiments. At the incident intensity I, = 1 x 10"' W cm ™2, the nonlinear refractive indices
of samples prepared by ns, ps and fs pulses were measured tobe 1.2 x 107", 1.1 x 10~ and
1.1 x 107" cm® W™, respectively. The corresponding nonlinear absorption coefficients were 1.3 x 10~ "',
42 x 107" and6.7 x 10~ cm W', The nonlinear optical properties of the sample prepared by ns pulses
became obviously smaller than of those produced by ps and fs pulses. These experimental results showed that at
A = 800 nm the nonlinear characteristics of these samples have a strong dependence on the duration of the
ablation pulse. The nonlinear optical parameters of Sn NPs suspensions are collected in table 5.

The nonlinear refractive indices of Zn-fs and Zn-ns in the case 0f 400 nm fs pulses had no difference at the
same incident intensity (figures 9(a), (b)). The nonlinear refractive index slightly decreased with the growth of
probe pulse intensity (from 2.3 x 10> cm®* W' forI, = 1.5 x 10'°Wcm *to 1.5 x 10~ "> cm* W™ for
Ip = 3 x 10" W cm™?). In the case of OA Z-scans using 400 nm fs pulses the nonlinear absorption coefficients
of different samples were similar to each other and showed some growth with the increase of I, (figures 9(c), (d)).

In the case of 800 nm the CA Z-scans also showed insignificant difference in 7y of these three samples
obtained using different pulse durations. The nonlinear refractive index was 1.5 x 10~ "> cm® W', However,
the corresponding nonlinear absorption coefficients at the same incident intensity were 6 x 10" cm W'
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Figure 8. Experimental results and theoretical fittings of CA (a), (b), () and OA (¢), (d), (f) Z-scans of the Sn NPs solutions obtained by
pulses of different duration at 400 (a)—(d) and 800 nm (e), (f), with 60 fs, 1 kHz laser pulses.

Table 5. Nonlinear optical parameters of suspensions of Sn, Zn and W NPs.

Wavelength (nm) I(Wcm™2) Sample Bem W™ y(em? W)
Sn 400 3.3 x 10" Sn-ns/ps/fs 1.7 x 10710 23 x 107"
800 x 10" Sn-ns 13 x 107" 1.2 x 107%
Sn-ps 42 x 107" 11 x 107"
Sn-fs 6.7 x 107" 1.1 x 107%°
Zn 400 3 x 10" Zn-ns/ps/fs 1.5 x 107'° 2x 107"
800 8 x 10" Zn-ns 6 x 1071 1.5 x 1071
Zn-ps 3.4 x 107"
Zn-fs 2.8 x 1071
w 800 8 x 10" W-ns 12 x 10710 1.7 x 107"
W-ps 3x 10" 13x 10"
W-fs 1.2 x 107"

(Zn-ns),3.4 x 10" cm W' (Zn-ps)and 2.8 x 10" cm W™ (Zn-fs) respectively. The relation between the
incident intensity and the nonlinear absorption coefficient was studied using OA Z-scans of the samples
prepared by fs pulses. It was shown that the increase of the incident intensity led to the increase of the nonlinear
absorption coefficient [at] = 6.7 X 10°°W cm ™2, B=21x10"ecmW 'andatI =1 x 10"'W cm 2,
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Figure 9. Experimental results and theoretical fittings of CA (a), (b), (e) and OA (c), (d), (f) Z-scans of Zn NPs solutions obtained by
pulses of different duration at 400 (a)—(d) and 800 nm (e), (f), with 60 fs, 1 kHz laser pulses.

B = 4.7 x 10~"" cm W']. The nonlinear optical characteristics of suspensions of Zn NPs are collected in
table 5.

The nonlinear optical properties of the suspensions of W NPs synthesized using different pulses (ns, ps and
fs) were studied using 800 nm fs pulses. The CA Z-scans showed self-focusing, while OA Z-scan showed two-
photon absorption (figure 10). The nonlinear refractive indices of three samples (W-ns, W-ps and W-fs) showed
very small difference (y ~ 1.3 x 10" cm® W), The OA Z-scans showed that the nonlinear absorption
coefficients of samples obtained using ps and fs pulses are exactly the same (3 = 3 x 10" cm W™ "), while the
sample prepared using ns pulses had significantly larger two-photon absorption (3 = 1.2 x 10" cm W ™).

The prepared using ns pulses sample was used to analyze the relation between the intensity of 800 nm pulses
and the nonlinear refractive index. It was shown that the increase of pulse intensity leads to small decrease in
nonlinear refractive index. We also studied the relation between pulse intensity and nonlinear absorption, and
showed some growth of Fwith the increase of incident intensity. In most cases the variations of nonlinear optical
parameters at different probe intensities were close to the errors of our measurements. The measurements of y
and 3 of W nanoparticle suspensions are collected in table 5.
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Figure 10. Experimental results and theoretical fittings of CA (a) and OA (b) Z-scans of W NPs solutions obtained by pulses of
different duration at 800 nm, with 60 fs, 1 kHz laser pulses.

5. Conclusions

In this paper four metals (In, Sn, Zn and W) with different hardness and melting point were ablated by pulsed
laser in liquid environment to synthesize different suspensions of NPs. The influence of pulse duration, pulse
energy and temperature of liquid on the formation of NPs was analyzed.

The results show that the pulse energy and temperature of liquid environment have little effect on the
formation of NPs for the metal which has smaller hardness (In). Small hardness and melting point make it
extremely easy to be ablated, resulting in a wide range of ablation conditions can achieve similar ablation effect.
Therefore, their nonlinear optical properties were also similar. However, pulse duration plays a very important
role during the formation of NPs, especially in the influence of particle size. It is found that ultra-short pulses
have a positive effect in the acquisition of smaller particles. This conclusion is not affected by the hardness of
metal.

In addition, for metals (Sn, Zn) with medium hardness, the influence of pulse duration on laser ablation was
more significant. Not only the morphology and size of NPs, but also the nonlinear optical properties were
changed in this case. Size variation of NPs of ablated metal with high hardness (W) showed that pulse duration
had significant influence on the morphology. We have shown that incident intensity and wavelength of the fs
laser affects the nonlinear optical properties of the produced NPs.
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