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Influence of the pulse number and fluence of a nanosecond laser on the ablation rate of metals, semiconductors and dielectrics
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We investigated the pulsed laser ablation of metallic (Al), semiconductor (Si), and wide bandgap dielectric (LiNbO 3 ) targets in air at normal atmospheric conditions by using 4.5 ns pulses at 532 nm wavelength. We determined the dependence of the ablation rate on the pulse number and laser fluence. The number of consecutive laser pulses hitting the target on the same area was between 5 and 40, and the laser fluence was varied in the range of 10-250 J/cm 2 by changing the irradiated area at the target surface. We find that the ablation rate of the three targets is approximately constant when the pulse number is smaller than 15. Further increase of the pulse number leads to a decrease of the ablation rate, the fastest decrease of the ablation rate with pulse number being observed for the dielectric target. The dependence of the ablation rate on the laser fluence indicates two different regimes. In the first regime, which is for values of the fluence smaller than the threshold value (~70 J/cm 2 for Al, ~90 J/cm 2 for Si, and ~180 J/cm 2 for LiNbO 3 ), the ablation rate increases approximately logarithmically with the fluence. In the second regime, characterized by values of the fluence greater than the threshold value, there is a steep increase of the ablation rate. This sudden jump of the ablation rate at the threshold fluence is due to the transition from normal vaporisation to phase explosion, and to the changes in the dimensionality of the plasma-plume hydrodynamics from one-dimensional to three-dimensional.

Introduction

The efficiency of the pulsed laser ablation (PLA) is described by the ablation rate which gives the maximum thickness of the layer ablated during a laser pulse. The ablation rate is a key parameter for the continuously growing fields of applications of PLA, such as optoelectronics, micromechanics, pulsed laser deposition, and laser induced plasma spectrometry [START_REF] Bauerle | Laser processing and chemistry[END_REF][START_REF] Popescu | Aplicatii ale laserelor[END_REF][START_REF] Von Allemen | Laser-Beam Interaction with Materials[END_REF][START_REF] Bauerle | Proceedings of an International Conference Laser Processing and Diagnostics[END_REF][START_REF] Ready | Effects of High-power Laser Radiation[END_REF][START_REF] Ursu | Interactiunea radiatiei laser cu metalele[END_REF][START_REF] Simon | [END_REF][START_REF]Laser Ablation and Desorption[END_REF][9][START_REF]Laser ionization mass analysis[END_REF].

The characteristics of the laser beam, ablated material, and ambient atmosphere strongly influences the ablation rate [START_REF] Bauerle | Laser processing and chemistry[END_REF][START_REF] Popescu | Aplicatii ale laserelor[END_REF][START_REF] Von Allemen | Laser-Beam Interaction with Materials[END_REF][START_REF] Bauerle | Proceedings of an International Conference Laser Processing and Diagnostics[END_REF][START_REF] Ready | Effects of High-power Laser Radiation[END_REF][START_REF] Ursu | Interactiunea radiatiei laser cu metalele[END_REF][START_REF]Laser Ablation and Desorption[END_REF][START_REF] Stafe | [END_REF][12][13][14][15][16][17][18][19][20][21][22][23]. Previous experiments on PLA in multipulse regime indicated that the ablation rate of metals decreases exponentially with pulse number [START_REF] Bauerle | Laser processing and chemistry[END_REF]17]. This was attributed mainly to the superposition of two effects: less efficient transport of the ablated material with increasing crater depth, and enhanced attenuation of the incident pulses in the laser produced plasma plume [START_REF] Bauerle | Laser processing and chemistry[END_REF]18]. In the case of semiconductors and dielectrics it was demonstrated that the ablation rate increases logarithmically with the laser fluence [START_REF] Bauerle | Laser processing and chemistry[END_REF]12]. Our previous experiments on PLA indicated this logarithmic behaviour in the case of metals and, additionally, allowed us to identify a threshold fluence above which there is a sudden jump of the ablation rate [START_REF] Stafe | [END_REF]. The jump of the ablation rate at the threshold fluence was related to the superposition of two effects: the phase explosion, which refers to the transition from a superheated liquid to a mix of vapours and droplets that occurs when material surface pass the thermodynamic critical temperature, and the change of the dimensionality of the plasma plume hydrodynamics from one-dimensional to threedimensional [START_REF] Stafe | [END_REF]12,14,24,[START_REF] Lu | [END_REF].

Here, we provide further insight into PLA by investigating the efficiency of the ablation of three materials with very different thermal and optical properties (metal-Al, semiconductor-Si, and wide bandgap dielectric-LiNbO 3 ) in open air. We determine the dependence of the ablation rate of the three materials on the pulse number and the laser fluence at 532 nm wavelength in two steps. First, by fixing the targets in the focal plane of the focusing lens, we analyse the dependence of the ablation rate on the number of consecutive pulses that hit the target in the same area. The analysis indicates the maximum number of pulses for which the ablation rate is approximately constant. Second, by setting a small number of pulses and varying the laser fluence by changing the diameter of the irradiated area on the target surface, we demonstrate two different domains in the dependence of the ablation rate on the fluence. The sudden jump of the ablation rate at the limit of the two domains appears for a given laser fluence (referred to as the threshold fluence), which is demonstrated to depend on the thermal and optical properties of the material.

Experiment

The laser system employed here consists of a Q-switched Nd:YAG laser that works in TEM00 mode, having 1.4 cm -1 line-width (~170 longitudinal modes) at 532 nm wavelength of the second harmonic. The laser pulses with 4.5 ns duration and 180 mJ/pulse energy are emitted at 10 Hz repetition rate.

The laser pulses are focused at normal incidence by a quartz lens (f/10, f=10 cm) on the surface of the thick targets (thickness larger than 1 mm) which are placed in the focal plane at normal atmospheric conditions, the estimated Rayleigh length being ~200 µm. A number of laser pulses, which varies between 5 and 40, hit the target producing craters that are characterised by their depth and diameter. The diameter of the craters is varied in the range 0.03 to 0.16 cm by moving the targets away from the focal plane with a translation step of 2 mm by using a micro-mechanical stage. We move the targets toward lens system in order to avoid the air breakdown that would lead to loss of the pulse energy into the ignited plasma plume.

The diameter of the craters drilled at different positions of the target approximate the diameter of the irradiated area [22,27]. Then, the laser fluence corresponding to a given target position along its path away from the focal plane is derived by dividing the energy pulse by the irradiated area.

The depth of the craters that are drilled at different target positions is used to calculate the ablation rate by dividing the depth of the crater by the number of laser pulses that were used to drill the craters.

The depth and diameter of the craters were measured by using a Leica Microsystems Heidelberg GmbH confocal microscope. The relative errors of the craters depth and craters diameter that we measured are within 5%.

Results and discussion

The dependence of the crater depth on the pulse number (N) for of Al, Si and LiNbO 3 targets is presented in Figure 1. The targets are fixed in the focal plane, while the number of consecutive laser pulses hitting the target in the same area increase from 5 to 40. Fig. 1 indicates that the depth of the crater (h) increases linearly with pulse number when this number goes from zero to ~15; the slope of the dash-dotted lines that fit the experimental data gives the ablation rate. Consequently, during first stages of PLA in multi-pulse regime, the ablation rate is approximately constant, being ~8.3 µm/pulse for Al and ~2.7 µm/pulse for Si (at a fluence of ~150 J/cm 2 ), and ~1.7 µm/pulse for LiNbO 3 (at a fluence of ~250 J/cm 2 ).

Further increase of the pulse number leads to a non-linear increment of the crater depth. The fitting curves (solid lines in Fig. 1) indicate that the ablation rate ceases to be constant: it decays with increasing pulse number. The fitting curves are described by the equation

d N h h 1 = , (1) 
where 1 h denotes the crater depth corresponding to one single pulse. d indicates the deviation of the fitting curve from the dash-dotted straight line that fits the first 3 (for LiNbO 3 ) or 4 (for Al and Si) experimental points indicated in the graphs of Fig. 1: the closer to unit is d the closer to a constant is ablation rate when increasing the pulse number. The value of the d coefficient in eq. ( 1) is ~0.94 for Al and Si, and ~0.69 for LiNbO 3 , indicating that the ablation rate decays much stronger with pulse number in the case of the dielectric target as compared to the metallic and semiconductor targets. The data indicate that in the case of dielectric material the ablation rate corresponding to the 40 th pulse is ~50% smaller than its value for the first pulses, whereas in the case of metallic and semiconductor targets is only ~15% smaller.

The decrease of the ablation rate with pulse number can be related to the superposition of two effects which are determined by the increment of the crater depth with pulse number. First, the increase of the crater depth leads to the confinement of the plasma plume within the crater. This is asserted by comparing the plasma hydrodynamic length and the crater depth: for a nanosecond pulse, the speed of the ablated species is m/s 10 10 ~4 3 ÷ [START_REF] Bauerle | Laser processing and chemistry[END_REF]. Thus, during a laser pulse, the ablation products travel away from the target ~20÷200 µm; this means that the hydrodynamic length is comparable with the depth of the crater after irradiation with 40 laser pulses. The plasma confinement leads to strong attenuation of the laser beam by scattering and inverse Bremsstrahlung absorption into the plasma plume and to less efficient transport of the ablated species, and enhanced recondensation of the material.

Second, the increase of the crater depth with pulse number leads to the increase of the inclination of the irradiated area relative to the original target surface. Thereby, the incidence angle of the laser beam at the irradiated area increases with pulse number, leading to the decrease of the surface transmittance and of the effective laser fluence at the walls of the crater, and consequently to the increase of energy loss by heat conduction [18]. The much smaller thermal diffusivity of the dielectric target as compared to the metallic and semiconductor targets (see table 1) leads to the much faster decrease of the ablation rate of LiNbO 3 with pulse number.

By setting a small number of laser pulses for hitting the target, which imply a linear increase of the crater depth with pulse number, we study the dependence of the ablation rate on the laser fluence by changing the target position relative to the focal plane. Fig. 2 depicts the dependence of the ablation rate on laser fluence, the graphs exhibiting two different regimes. In the first regime, increasing the laser fluence to a certain value ( (5) in the case of LiNbO 3 target. Here, the fluence is given in J/cm 2 .

Eqs. [START_REF] Von Allemen | Laser-Beam Interaction with Materials[END_REF][START_REF] Bauerle | Proceedings of an International Conference Laser Processing and Diagnostics[END_REF][START_REF] Ready | Effects of High-power Laser Radiation[END_REF] indicate that the ablation threshold fluence of Al (~0.2 J/cm 2 ) is much smaller than in the case of silicon (4 J/cm 2 ) and LiNbO 3 (6.5 J/cm 2 ). This may be correlated with the optical absorption coefficient being larger for the metallic target than for the semiconductor and dielectric targets (table 1).

The comparison of the values of e h ∆ given in equations (3-5) and the corresponding laser fluences indicate a much higher efficiency of the ablation of Al as compared to silicon and lithium niobate. Further information on the efficiency of the three materials can be derived by comparing the ablation rate of the three materials at a given laser fluence. At 40 J/cm 2 fluence, the ablation rate of Al (~5.5 µm/pulse) is ~5 times larger than Si (~1.2 µm/pulse), and ~11 times larger than 3 (~0.5 µm/pulse). The larger ablation rate obtained in the case of metallic target as compared to silicon and dielectric targets may be related to the large values of the optical absorption coefficient and thermal diffusivity of Al. Figure 3 gives a comparison of the ablation rates of the three materials as a function of optical and thermal parameters of the materials. The figure indicates that the ablation rate increases with the optical absorption coefficient (Fig. 3a), and thermal diffusivity (Fig. 3b).

In the second regime, increasing the laser fluence above the threshold value th F , the ablation rate has a sudden jump and increases further steeply (dash-dotted lines in Fig. 2). The threshold fluence is ~70 J/cm 2 in the case of Al, ~90 J/cm 2 for Si, and ~180 J/cm 2 in the case of LiNbO 3 . Figure 4 presents the dependence of the threshold fluence on the optical absorption coefficient, indicating that the threshold fluence decreases with increasing the optical absorption coefficient of the material.

The jump in the ablation rate at the threshold fluence originates in the superposition of the phase explosion with the change in the plasma plume hydrodynamics. At the threshold fluence there is a transition from normal vaporisation to phase explosion at the critical temperature of the material. For all of the targets, the transition is indicated by the enhanced ejection and re-deposition of droplets around the craters [START_REF] Lu | [END_REF]. The smaller value of the threshold fluence in the case of the metallic target as compared to the semiconductor and dielectric targets could be related to the large absorption coefficient of Al which facilitates reaching of the critical temperature during PLA, resulting in the large amount of melt that is observed at threshold around the craters as re-solidified droplets.

The dimensionality of the plasma hydrodynamics changes at the threshold fluence from one-dimensional to three-dimensional regime. The one-dimensional regime characterizes a high density and strong absorbent plasma plume which expands in axial direction, whereas the three-dimensional regime characterizes a less absorbent and low density plasma plume which expands both in axial and radial directions [START_REF] Von Allemen | Laser-Beam Interaction with Materials[END_REF]. The jump in the ablation rate appears when the laser beam diameter (defined as the central Airy disk) becomes the same order of magnitude with the hydrodynamic length of the plasma plume. This relationship between the beam diameter and the hydrodynamic length of the plasma at threshold is demonstrated by a simple calculus as follows. The hydrodynamic length of the plasma is given by [START_REF] Bauerle | Laser processing and chemistry[END_REF]15] 

τ v = h l ( 6 
)
where τ is the pulse duration and

M T k / v γ =
is the expansion velocity of the plasma plume considered as an ideal gas with adiabatic coefficient 3 / 5 = γ , temperature T , and atomic mass M, while k is the Boltzmann constant. Considering a plasma temperature of ~10 5 K for Al [14,15], ~⋅ 5 10 4 K for Si [30], and ~10 4 K for LiNbO 3 [31] obtained when irradiating the targets with nanosecond pulses, eq. ( 6) gives a plasma hydrodynamic length of ~50 µm. This length is similar with the diameter of the laser beam corresponding to the targets positions where the threshold fluence is reached.

Conclusion

We investigated the effects of pulse number and laser fluence on the ablation rate of metals (Al), semiconductors (Si), and dielectrics (LiNbO 3 ) by using nanosecond laser pulses at 532 nm wavelength in air at normal atmospheric conditions. The number of consecutive laser pulses hitting the target on the same area was varied from 5 to 40, whereas the laser fluence was varied by changing the diameter of the irradiated area at the target surface. The dependence of the ablation rate on the pulse number indicate that the ablation rate is approximately constant during the first ~15 pulses, being ~8.3 µm/pulse for Al, ~2.7 µm/pulse for Si, and ~1.7 µm/pulse for LiNbO 3 when placing the targets in the focal plane. Further increase of the pulse number lead to a decay of the ablation rate, the most significant (~50%) being in the case of dielectric target. The decrease of the ablation rate with pulse number was attributed to the superposition of two phenomena: the enhanced attenuation of the laser beam in the plasma plume which is confined within the crater, and the decay of the surface transmittance and of the effective laser fluence at the walls of the crater due to the gradual increase of the incidence angle of the laser beam at the irradiated area with pulse number. The much faster decrease of the ablation rate with pulse number obtained in the case of LiNbO 3 as compared to the metallic and semiconductor targets was related to the small thermal diffusivity of LiNbO 3 .

The dependence of the ablation rate on the laser fluence indicates that the ablation rate of the three materials increases logarithmically with the fluence when the fluence is smaller than a threshold value. The threshold value depends on the target, being ~70 J/cm 2 for Al, ~90 J/cm 2 for Si and ~180 J/cm 2 for LiNbO 3 . The relative efficiency of the ablation of the three materials was analysed here by comparing the ablation rate at a given laser fluence. The data indicate that, for a fixed value of laser fluence of ~40 J/cm 2 , the ablation rate is ~5.5 µm/pulse for Al, ~1.2 µm/pulse for Si, and ~0.5 µm/pulse for LiNbO 3 . The larger ablation rate obtained in the case of metallic target as compared to semiconductor and dielectric targets may be related to the large values of the optical absorption coefficient and thermal diffusivity of Al.

Increasing the fluence above the threshold value, lead to a sudden jump of the ablation rate followed by its steep increase. The jump of the ablation rate at the threshold fluence was attributed to the superposition of two effects: the transition from normal vaporisation to phase explosion regime at the critical temperature of the material, and the changes of dimensionality of the plasma hydrodynamics from one-dimensional to three-dimensional. 
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 1 Figure 1. Crater depth as a function of pulse number for: (a) Al, (b) Si, and (c) LiNbO 3 . The solid lines represent the fitting curves described by eq. (1), and the dash-dotted lines represent the fitting curves for the linear regime which holds when pulse number is smaller than ~15 for Al and Si, and ~10 for LiNbO 3 .
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 23 Figure 2. Ablation rate vs. laser fluence for: (a) Al, (b) Si, and (c) LiNbO 3 . The solid lines represent the fitting curves for the logarithmic regime, and the dash-dotted lines represent the fitting curves for the steep regime (above the threshold fluence)

Fig. 4

 4 Fig. 4 Threshold fluence as a function of optical absorption coefficient of the materials. The dash-dotted lines are depicted for guiding the eyes.

Table I :

 I Optical absorption coefficient, α (at 532 nm wavelength), and thermal diffusivity, D, of the targets

	Material	α (cm -1 )	D (cm 2 /s)
	Al	1.5×10 6	0.98
	Si	0.9×10 4	0.84
	LiNbO 3	< 1	0.02