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Abstract:



The effect of the laser pulse width on the production of nanoparticles by laser fragmentation was investigated. Laser pulse widths of 164 fs, 5 ps, 4 ns, 36 ns, 64 ns, and 100 ns were used. To assess the effect of the laser pulse width on the energy distribution in the nanoparticles, the energy distribution was simulated using wave optics. Silver (Ag) nanoparticles were produced by laser irradiation of an Ag target in distilled water. The wavelength of the femtosecond, picosecond, and nanosecond lasers used was 1070 nm, and their fluences were 0.10–0.13 mJ/cm2. Nanoparticle microstructure was visualized by transmission electron microscopy and scanning electron microscopy, and the nanoparticle size distribution was evaluated using a particle size analyzer.






Keywords:


laser fragmentation; laser pulse width; nanoparticles












1. Introduction


Silver (Ag) nanoparticles are used for a number of applications because of their electrical and biochemical properties [1,2,3]. Therefore, research has focused on the optical, electrical, physical, and chemical properties of Ag nanoparticles [4,5,6]. For example, carbon nanotubes and Ag nanoparticles have been used as additives to improve the properties of materials for transparent electrodes or solar panels, for which light transmittance and electrical conductivity are important [7,8,9,10,11]. The effect on the properties of composites of the addition of nanostructures was also examined [12]. Ag in the form of nanowires has been used to improve the light transmittance and electrical conductivity of target materials [13,14].



Chemical- and laser-based methods for the synthesis of Ag nanostructures have been developed [15,16,17,18,19]. Among them, laser fragmentation has advanced with developments in laser sources. Laser fragmentation proceeds by irradiating a bulk metal target in a liquid with a laser pulse. This causes the ablation of the target surface, and the debris generated are degraded into nanoparticles by laser irradiation [20,21]. Compared to conventional chemical synthesis methods, laser fragmentation reduces the risk of contamination of the particles during processing. In addition, this method generates nanoparticles with a purity greater than that of colloidal nanomaterials made by conventional chemical synthesis methods. Because laser fragmentation involves the direct laser irradiation of particles in a liquid, it has greater energy transfer efficiency than laser ablation of materials in air. The synthesis of alloy nanoparticles and the production of various 3D nanoparticles in a porous form using laser ablation and laser fragmentation in water were reported [22,23]. Also, heat is efficiently transferred from the particles to the liquid. The mechanical pressure waves generated in the liquid also affect particle generation [24,25].



Laser fragmentation facilitates the control of process parameters and enables the production of nanoparticles of various qualities [26]. In particular, the size of the resulting nanoparticles can be controlled by varying the laser pulse width or fluence. For example, Maximova et al. [27] produced nanoparticles of different sizes using femtosecond laser pulses and described the mechanism of laser fragmentation. Another research group investigated the effect on particle distribution and size of varying laser wavelengths and presented the principle of laser fragmentation [28]. It was also reported that a transferring wire target in a liquid jet can produce nanoparticles of a certain size at a high synthesis rate [29].



Irradiation by a femtosecond laser pulse width generally induces nonlinear multiphoton absorption by the nanoparticles [30]. In contrast, particle fragmentation by thermal ablation occurs mainly by melting and evaporation during irradiation by laser pulse widths in the nanosecond range [31]. Studies on the effect of the laser pulse width on laser fragmentation have mostly been conducted independently, using femtosecond, picosecond, or nanosecond pulse widths [20,32,33,34,35]. In addition, various laser fragmentation processes and metal targets can be used to produce nanoparticles. Examples of laser process parameters and nanoparticle sizes are shown in Table 1. However, these studies have several drawbacks. For example, the laser energy density was in the femtosecond or picosecond range. Also, the use of different laser pulse energies or fluences hampers the comparison of the results of different studies. Link et al. [32] assessed the effects of laser pulse energy and pulse width on nanoparticle generation for Au nanorods. They transformed Au nanorods into Au nanoparticles using femtosecond and nanosecond laser pulse widths.



Table 1. Characteristics of the nanoparticles produced using various laser parameters.







	
Material

	
Wavelength

	
Pulse Width

	
Fluence or Pulse Energy

	
Particle Size

	
Reference






	
Au

	
400 and 532 nm

	
150 fs

	
7.3 and 3.6 mJ/cm2

	
~60 nm

	
[33]




	
Au

	
1025 nm

	
450 fs

	
10–130 μJ

	
7–50 nm

	
[27]




	
Ag

	
355 and 532 nm

	
6 ns and 18 ps

	
10 and 2–3 mJ

	
5–60 nm

	
[28]




	
Au

	
355 nm

	
30 ps

	
6.3 and 17 mJ/cm2

	
NA

	
[32]




	
Au/Ag

	
532 and 1064 nm

	
~5 ns

	
35 mJ

	
~10 nm or less

	
[20]




	
Ag

	
355 and 1064 nm

	
7 and 5 ns

	
NA

	
~26 nm

	
[34]




	
Au–Ag alloy

	
355 and 532 nm

	
6 ns

	
150 and 130 mJ

	
~10 nm

	
[35]








NA: not applicable.








In this study, we produced Ag nanoparticles using laser pulse widths of femtoseconds to nanoseconds. Nanoparticle size and distribution were analyzed. With regard to the laser pulse width, we simulated the dispersion and energy absorption of the laser by the nanoparticles using wave optics.




2. Background


2.1. Effect of Laser Pulse Width


Irradiation of a solid target in a liquid with a laser beam results in the generation of metal flakes by laser fragmentation. The particles are refined by irradiation with the laser beam a second time. The laser beam reduces the size of the generated nanoparticles or produces particles with a specific size distribution. The interaction of the laser beam with the liquid also affects particle formation. Bubbles and cavitation result from laser-induced plasma generation and affect nanoparticle fragmentation [36,37]. In addition, the aqueous solution influences the formation of clusters of nanoparticles [38].



Nanoparticle size and dispersion can be controlled by varying the laser parameters. The wavelength of the laser pulse also affects nanoparticle generation [20]. When a laser of a different wavelength with the same pulse width is used, the fragmentation effect increases with decreasing pulse wavelengths. This is because the shorter the pulse wavelength, the greater the absorption cross section [28]. In addition, liquids other than deionized water may be used, and they can contribute to nanoparticle formation and stability [16,20]. Another study attempted to control the size of nickel (Ni) nanoparticles by using water containing other nanoparticles such as silica particles [39].



Laser pulse width is a predominant determinant of nanoparticle size and distribution. Laser pulse widths in the femtosecond, picosecond, and nanosecond regions can be used to induce laser fragmentation. Several studies have evaluated the interactions of picosecond or femtosecond laser pulses with materials [27,32]. Such ultrafast laser pulses cause nonlinear multiphoton absorption due to their high peak power. Because of this, energy cannot be transferred from the electrons to the ion grids in femtoseconds or picoseconds, which enables the processing of materials that are little affected by heat [40]. Irradiation with a nanosecond pulsed laser beam results in thermal diffusion at the particle surface. It is important to compare diffusion time and pulse width. In general, thermal diffusion in metal nanoparticles requires 50 to 100 ps, and the diffusion time can be used to classify laser fragmentation mechanisms into short and long pulse-width categories [41].



At a pulse width of less than a few picoseconds, the electron and phonon temperatures in the particle are different. In this case, to determine the particle temperature distribution, a model with different electron and phonon temperatures should be applied [42,43]. Also, because the laser beam absorption time is shorter than that of heat diffusion, it is appropriate to assume that the boundary condition of particles is adiabatic. In this model, the energy absorption by laser irradiation is a function of the fluence and absorption cross-sectional area of the laser [44]. This correlation affects the electron temperature and phonon temperature of the nanoparticles; that is, as the pulse width decreases, the peak laser power and the electron temperature increase. This results in a release of electrons from the particle; moreover, a Coulomb explosion may occur [28,33]. Coulomb explosions are a major mechanism of femtosecond laser fragmentation. When the pulse width increases from femtoseconds to picoseconds, the energy transfer tends to resolve the energy imbalance in the nanoparticles. In this case, the effect of Coulomb explosions in the particles decreases [45]. Near-field enhancement at the nanoparticle surface also occurs using ultrafast laser pulses [46]. When a nanostructure is irradiated with a short laser pulse, the electromagnetic field is amplified at the point at which an abrupt change in shape occurs. This results in a sudden energy concentration at that point, leading to particle fragmentation [47].



A model with constant electron and phonon temperatures can be used for lasers with nanosecond pulse widths. Also, because there is enough time for thermal diffusion within the particle, the heat at the interface interacts with the surroundings during laser irradiation. Therefore, the photothermal effect becomes dominant [20,48,49]. Melting, evaporation, or both occur at the particle surface as a result of the temperature imbalance between the particle surface and interior, which likely also causes particle fragmentation.



The three above-mentioned mechanisms of laser fragmentation are summarized in Figure 1. The effect on nanoparticle formation of mechanical shockwaves generated by laser-induced generation of plasma is shown in Figure 2.


Figure 1. Mechanisms causing laser fragmentation for different laser pulse widths.
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Figure 2. Effect of shockwave propagation on laser fragmentation.
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2.2. Simulation of Laser Fragmentation in the Nanosecond Region Using the Wave-Optic Theory


The appropriate method for a numerical analysis of laser fragmentation differs depending on the pulse width. At femtosecond pulse widths, the mechanism of laser fragmentation can be indirectly explained by the temperature distribution of electrons and phonons [30,50]. At nanosecond pulse widths, photothermal ablation occurs. The interaction between the laser and the nanoparticles can be evaluated using wave optics.



Upon contacting a particle, the laser beam is scattered. The resulting energy waves are absorbed by the particles in a nonuniform manner because of their dispersion and interference effects. By numerically confirming the energy absorption by the particle, laser fragmentation due to nanosecond laser pulse widths can be indirectly analyzed. In wave optics, the energy absorption due to intra-particle dispersion of the laser beam is interpreted as an optical interaction. For this purpose, optical properties, such as the complex refractive index of nanoparticles whose diameter is less than the wavelength of the laser beam, should be evaluated. Unlike the surface of bulk Ag or Au, the absorption of laser energy by submicron Ag or Au particles is high, which can be explained by Mie theory [20,51].





3. Numerical Simulation and Experimental Setup


3.1. Numerical Analysis


To numerically analyze the interaction between a nanosecond pulse-width laser beam and a nanoparticle, a simulation was carried out using COMSOL ver. 5.2 software (COMSOL, Inc., Burlington, MA, USA). To validate the simulation, the results were compared with an analytical solution based on Mie theory in our prior research [52].



As described in the previous chapter, in the nanosecond region, the difference in the photothermal effect according to the pulse width can be numerically confirmed by the dispersion of the wave and its absorption by the particle. For the simulation, pulse widths of 4, 32, 64, and 100 ns were used. The simulation was performed using a water-encapsulated virtual Ag nanoparticle with a diameter of 100 nm. Regarding the optical properties, the complex refractive index according to wavelength was evaluated using the optical property database in COMSOL 5.3. The complex refractive index of a particle can be used to confirm the behavior of a wave in that particle, and is related to energy absorption.




3.2. Setup for Laser Fragmentation


The laser sources were an ultrafast laser (PHAROS; Light Conversion, Vilnius, Lithuania) and a nanosecond laser (YLP-1; IPG Photonics, Oxford, MA, USA) with an adjustable pulse width. The ultrafast laser beam was generated through mode locking and amplification of chirped pulses. The pulse width of the laser beam was 164 fs and 5 ps at a wavelength of 1070 nm. The nanosecond laser generated a laser pulse using a fiber resonance system, and the pulse width was 4, 32, 64, and 100 ns at a wavelength of 1070 nm. The laser-related process parameters are shown in Table 2. To assess the effect of the laser pulse width, it is important that the energy doses be as similar as possible, within the limits of the experimental setup. In this experiment, the fluence of the femtosecond, picosecond, and nanosecond laser beams was set in the range from 0.10 to 0.13 mJ/cm2.



Table 2. Laser parameters.







	
Pulse Width

	
Femtosecond Regime

	
Picosecond Regime

	
Nanosecond Regime






	
Fluence (mJ/cm2)

	
0.13

	
0.13

	
0.10




	
Repetition rate (kHz)

	
200

	
200

	
500




	
Delay time (μs)

	
5

	
5

	
2




	
Pulse duration

	
164 fs

	
5 ps

	
4, 32, 64, and 100 ns




	
Wavelength (nm)

	
1070

	
1070

	
1070




	
Process time (min)

	
10

	
10

	
10










The laser fragmentation setup is shown in Figure 3. The Ag target in distilled water was irradiated with a laser beam, which resulted in the production of nanoparticles. The emitted laser beam was controlled by a galvanometer scanner. The target was irradiated with the laser beam in a scanning pattern for 10 min. The laser beam had a Gaussian energy distribution and a spot size of 20 to 40 μm. Ag nanoparticles were synthesized primarily during laser ablation, as well as by secondary laser fragmentation in the solution. Ag nanoparticles generated by laser fragmentation form clusters over time. The colloids thus generated can be transformed to stable nanoparticles by further laser irradiation; however, this was not performed in this study. Ag nanoparticles were analyzed at least one day after laser fragmentation. The nanoparticles were dried and visualized by transmission electron microscopy (TEM; JEM-2010; JEOL, Tokyo, Japan) and scanning electron microscopy (SU8010; Hitachi, Tokyo, Japan). In addition, the Ag nanoparticle size distribution was determined using a particle size analyzer (ELS-Z PLUS; Otsuka Electronics, Osaka, Japan); 300 to 500 nanoparticle samples were used per laser parameter.


Figure 3. Schematic diagram of the experimental setup.
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4. Results and Discussion


4.1. Simulation of Nanoparticle Temperature Distribution According to the Laser Pulse Width


The distributions of the energy absorption rates were simulated according to the laser pulse width. Most of the irradiated energy was absorbed by the several-nanometer-thick surface layer of the nanoparticles. This may result in peeling due to thermal strain between the surface and the inner layers. The thermal effect of nanosecond laser pulses is thought to result in fragmentation because of the weaker force of the outermost atoms in the particles [31]. However, our simulation showed that the thermal effect of energy dispersion and interference on the outer surface is also important. The inhomogeneous distribution of energy absorption in nanoparticles leads to a partial deformation or evaporation of the surface, which can accelerate the fragmentation. In the nanosecond region, the thermal effect on nanoparticles increases with decreasing pulse widths. Assuming the same energy per pulse, when the nanoparticle surface is irradiated with a laser of pulse widths 4, 32, 64, and 100 ns, the surface temperature increases, which affects particle fragmentation. According to the simulation, the shorter the laser width pulse, the greater is the inhomogeneous increase in the energy absorption rate. The total energy absorption according to previous results was numerically calculated (Figure 4). The energy absorption by the nanoparticles increased markedly with decreasing pulse widths in the nanosecond range. Therefore, the rate of nanoparticle decomposition increased with decreasing laser pulse widths, leading to the production of smaller nanoparticles.


Figure 4. Total energy absorption of nanoparticles as a function of the pulse width.
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4.2. Nanoparticle Size Distribution


Nanoparticle shape was visualized after laser fragmentation for ≥1 h. Solutions of nanoparticles produced using femtosecond and picosecond laser pulse widths were yellow in color, and no precipitate was present. However, solutions of nanoparticles produced using nanosecond laser pulse widths were gray in color, and clusters had precipitated. The Ag nanoparticles thus generated can change physically or chemically as time passes. Ag nanoparticles can generate colloids and can be converted into oxides such as AgO or Ag2O as they bind to oxygen. These issues are observed not only in nanoparticles generated by laser fragmentation, but also in other nanoparticle production processes.



Spherical and cylindrical Ag nanoparticles, some in the form of linked clusters, were detected by TEM (Figure 5). In addition, the nanoparticle size distribution was evaluated (Figure 6). Nanoparticles produced using femtosecond laser pulse widths were small, having a diameter of around 25 nm (Figure 5a and Figure 6a). In the nanosecond region, as the pulse width increased, the nanoparticle size distribution became broader. Therefore, the size distribution of nanoparticles is determined by the laser pulse width.


Figure 5. Transmission electron microscopy (TEM) images of Ag nanoparticles after being dried on a glass surface. (a) 164 fs, (b) 5 ps, (c) 4 ns, (d) 32 ns, (e) 64 ns, and (f) 100 ns pulse widths.
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Figure 6. Size distribution of Ag nanoparticles. (a) 164 fs, (b) 5 ps, (c) 4 ns, (d) 32 ns, (e) 64 ns, and (f) 100 ns pulse widths.
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To analyze nanoparticle generation using femtosecond laser pulse widths, the mechanisms of nanoparticle generation according to pulse width must be evaluated. These mechanisms are near-field ablation, Coulomb explosion, photothermal ablation, and mechanical breakdown due to shockwaves. Among these, near-field enhancement and Coulomb explosion are likely involved in nanoparticle generation by femtosecond laser pulse widths. In addition, the laser beam-induced shockwave affects the generation of nanoparticles and the formation of clusters. Using femtosecond laser pulse widths, spherical nanoparticles were created by Coulomb explosion, and nonspherical nanoparticles by near-field enhancement. However, distinguishing between these two mechanisms is problematic because of the nonuniform nanoparticle shape, which is a result of both the interaction of the laser beam with the target and laser fragmentation.



The shapes of nanoparticles generated using picosecond and 164 fs laser pulses were similar (Figure 5b). In addition, their size distribution was similar to that of nanoparticles produced using femtosecond pulse widths (Figure 6b). Thermal diffusion within the particle resulting from electron–phonon scattering occurs at laser pulse widths of around a few picoseconds [41]. However, thermal diffusion at the boundary takes several hundred picoseconds [28,41]. Therefore, heat transfer at the particle surface does not occur during laser irradiation for 5 ps. Therefore, the mechanism of laser fragmentation with a pulse width of 5 ps is similar to that of lasers with femtosecond pulse widths.



The energy accumulation by particles subjected to successive laser beam pulses must also be considered. Based on its repetition rate, the laser pulse has a delay time of 2 to 5 μs. Thus, on the basis of the difference between delay time and laser pulse width, the particle energy accumulation is not significant and can be disregarded.



The irradiation with a nanosecond pulse-width laser beam produced particles of diameters from 25 nm to more than 200 nm, which were in a linked-cluster form (Figure 5c–f). For lasers with nanosecond pulse widths, the shorter the pulse width, the smaller the maximum particle diameter. The broad particle size distribution is due to photothermal ablation. Our simulation showed that the thermal effect predominated at nanosecond laser pulse widths and induced peeling off of the outermost layers. By using this exfoliation process, it is possible to produce nanoparticles of various sizes. Moreover, laser-induced plasma generation and particle fragmentation due to the shockwave are also involved in particle formation.



The mean diameters of the nanoparticles produced using laser pulse widths of 4, 32, 64, and 100 ns were 75~85, 100~110, 95~105, and 120~130 nm, respectively as shown in Figure 7. The smallest value were seen for the femtosecond pulse, and the values tended to increase with the pulse width up to nanoseconds. The rate of diameter size change increased markedly when the pulse width changed from picosecond to nanosecond. The analysis of these results revealed that the region of particle size change according to the pulse width could be divided into the femtosecond and picosecond region, and the nanosecond region. This supports the fact that the mechanism of near-field enhancement and Coulomb explosion as described above and the mechanism of photothermal ablation are different in nanoparticle generation. In addition, the rate of increase of the particle size was larger in the nanosecond region, which is a characteristic of the laser thermal ablation related to the surface area. Conversely, it could be inferred that the surface area and fragmentation of the particles had a weak relationship in the femtosecond and picosecond regions.


Figure 7. Mean nanoparticle diameter as a function of the pulse width.
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The yield rate of nanoparticles according to the laser pulse width can be confirmed by two methods. The first is the yield rate according to the total mass of nanoparticles per unit area and unit time. The second is the yield rate according to the total number of nanoparticles per unit area and unit time. The nanoparticle weight production rate was higher using lasers with nanosecond pulse widths (0.71 × 10−15~2.79 × 10−15 g/min) compared to that obtained using lasers with femtosecond and picosecond pulse widths (4.78 × 10−17~8.06 × 10−17 g/min). However, this result is directly related to laser ablation of the target in water. As previously described, nanoparticles generated from nanosecond laser pulses have larger mean diameters. Therefore, even if the same number of nanoparticles is generated, the total mass of the nanoparticles generated from the nanosecond laser pulses is larger than that of the nanoparticles generated from the femtosecond or picosecond laser pulses. In our experiment, the number of nanoparticles generated for each parameter was measured to determine the particle generation rate according to the laser pulse width (Figure 8). This showed that the number of nanoparticles increased as the pulse width was shortened. Therefore, laser fragmentation is more efficient in the femtosecond or picosecond region. Considering these results, the laser pulse width that can be applied depends on the size of the nanoparticles required. Moreover, the change in nanoparticle size in relation to the pulse width is more sensitive in the nanosecond region.


Figure 8. Nanoparticle yield rate as a function of the pulse width.
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5. Conclusions


This study evaluated the production of Ag nanoparticles according to the laser pulse width. As the laser pulse width decreased, the average nanoparticle size decreased. The nanoparticles produced using femtosecond and picosecond laser pulse widths were found to include more 25 μm particles than particles of other sizes, whereas, by using nanosecond laser pulse widths, nanoparticles ranging in size from 25 to 200 nm were produced. The rate of increase in the particle size is larger in the nanosecond region, which is seen as a characteristic of the laser thermal ablation related to the surface area. In comparison, in the femtosecond and picosecond regions, a larger number of nanoparticles was produced. This phenomenon can be interpreted on the basis that the shorter the pulse width, the more efficient the occurrence of fragmentation.
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