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Abstract

:

In this study, we reconstructed the dynamics of the impact of mid-IR-range (4.6 μm) femtosecond laser pulses on bulk silicon under tight focusing conditions (NA = 0.5). Our experimental results show that under this impact, the deposited energy density (DED) reaches approximately 4 kJ/cm3 (at an energy slightly above the plasma-formation threshold). Initially, the femtosecond pulse energy is absorbed by the laser-induced plasma, with a lifetime of approximately 160–320 fs (depending on the laser pulse energy). The energy transfer from the plasma to the atomic subsystem occurs on a sub-ps timescale, which generates a shock wave and excites coherent phonons on a sub-ps scale. The shift of atoms in the lattice at the front of the shock wave results in a cascade of phase transitions (Si-X => Si-VII => Si-VI => Si-XI => Si-II), leading to a change in the phonon spectra of silicon.
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1. Introduction


The field of silicon photonics is a rapidly developing area of research due to the fact that modern microelectronics are primarily based on silicon, making the development of photonic circuits in semiconductors crucial [1,2]. Although generating three-dimensional photonic circuits in dielectrics is relatively easy with ultra-short laser pulses, this technology cannot be adapted for silicon due to its high refractive index, which weakens the effective focusing strength and reduces the laser impact area [3,4,5,6,7]. Silicon’s small band gap (~1.1 eV) and high number of free electrons also limit the use of commercially available lasers [6,7]. Moreover, due to the presence of a sufficiently large number of free electrons, even when exposed to ultra-short laser pulses with a wavelength greater than 1100 nm, microplasma is efficiently generated, which effectively increases the laser impact area, leading to a drop in the deposited energy density (DED) [8]. To overcome these challenges, several approaches have been proposed [9], including the use of nano- and picosecond laser pulses at a wavelength of ~2 μm [10], femtosecond laser pulses at a wavelength of ~4 μm [11], hyperfocusing [6], and an additional pulse to create pre-plasma [12,13]. Among these methods, femtosecond pulses in the mid-IR range (4.6 μm) are the most successful for creating micromodifications in bulk silicon with a single shot. Femtosecond lasers at a ~4.6 μm wavelength offer high-precision processing of silicon with minimal damage to surrounding areas, even inside the volume of the Si sample [11]. This is important for the micro- and nanofabrication of silicon-based devices [1]. The use of femtosecond lasers for silicon processing results in reduced thermal damage compared to longer-pulse-duration lasers. This is due to the shorter pulse duration of femtosecond lasers, which limits the heat-affected zone during processing [3]. Additionally, the laser impact on the material at 4.6 μm could induce several new polymorph phases.



However, little is known about the fundamental processes behind the laser impact on the material, particularly the energy transfer from the electronic to the atomic subsystem, which can lead to irreversible changes in the structural properties of the material. Due to the fundamental complexity of the investigation of laser-induced processes inside semiconductors, this process is monitored during laser ablation when the laser pulse is focused onto the Si surface. In most cases, the energy transfer from laser pulses to Si is performed with ns laser pulses [14,15]. It has been demonstrated that the laser impact on the Si surface can induce several phase transitions to different polymorphs of Si such as β-Sn, Imma, hcp, and other phases [16]. The new phases can be observed by post-mortem analysis [17], during time-resolved X-ray experiments [18], or in optical pump-probe experiments [19,20,21]. However, the dynamics of this phase transition heavily depend on the laser pulse energy and duration.



The energy transport from the laser pulse to the lattice occurs in several stages, including the generation of an electron plasma, energy transfer to the atomic subsystem, and ultra-fast melting and shock-wave generation [22,23]. This leads to the shifting of atoms inside the lattice, resulting in a phase transition and changes in the phonon spectrum [13,24,25]. However, most experiments have been performed near or at the boundary of silicon samples, which can drastically affect the dynamics.



In this study, we experimentally investigated the dynamics of a 160 fs laser pulse with a wavelength of 4.55 μm focused by a reflective objective with NA = 0.5 into bulk silicon. We reconstructed the dynamics of plasma formation and coherent phonon generation to gain insight into the fundamental processes behind laser-induced modifications in silicon.




2. Materials and Methods


In the experiments, the radiation of an Fe:ZnSe laser system (central wavelength of 4.6 µm, pulse duration of 160 fs (FWHM), repetition rate of 10 Hz) was used. For estimating the deposited energy density, we used an experimental setup similar to that described in [26] (see Figure 1). The incoming laser pulse was focused inside a Si sample (2 × 2 × 2 mm high, Tydex Ltd., St. Petersburg, Russia) by a reflective objective (LMM40X-P01, Thorlabs, Newton, USA) with NA = 0.5. The transmitted laser radiation was collimated by an aspheric lens (390037-E, Thorlabs) with NA = 0.85. The sample was mounted onto a motorized XYZ stage (8MT184, Standa, Vilnius, Lithuania) and was shifted from pulse to pulse with a 2.5 μm step. The incoming (Ein) and transmitted (Eout) energies were monitored by a pair of calibrated amplified PbSe photodetectors (PDA20H, Thorlabs). The input and output energies were controlled simultaneously. The laser pulse energy was varied by a half-wave plate and polarizer (WP12LM-IRA, Thorlabs). We obtained the transmitted energy for different input energies, as shown in Figure 2a. The volume of the microplasma was monitored by obtaining its luminescence, as described in [27], using a CCD camera (MindVision ME-GE130GMT). Si has several atomic lines in the near-IR range (1100–1300 nm) and the intensity of their luminescence (1203, 1210, and 1229 nm lines) is proportional to the electron concentration [27]. Therefore, the area where the microplasma is generated can be obtained through microscopy. The deposited energy density (DED = Eabs/Vplasma) is the ratio of the absorbed energy (Eabs = Ein − Eout) to the microplasma volume [8]. Therefore, DED can be calculated by measuring the absorbed energy and plasma volume.



For time-resolved diagnostics of the laser-induced microplasma, we used a Michelson interferometer similar to the one described in [28]. One of the mirrors was placed on the motorized translator (step is 1.25 µm). By varying the optical path, we could control the time delay between the optical pulses in both arms of the interferometer. In one arm of the interferometer, we placed a thin SiO2 plate that decreased the energy of the laser pulse by an order of magnitude. The pulse with lower energy was used as a probe while another pulse was used as a pump. The probe pulse passed through a quarter-wave plate, and on the double path, it changed its polarization to perpendicular with respect to the pump pulse. Therefore, the polarizer placed before the photodetector blocked the pump pulse and transmitted the probe pulse. We monitored the energy of the transmitted pulse and its third harmonic for different time delays, similar to [29]. To suppress the signal from the pump pulse, we placed a polarizer before the photodetector (the polarization of pump and probe pulses is different).




3. Results and Discussion


In the first series of experiments, we measured the plasma-generation threshold, absorbed energy, and deposited energy density (DED). We simultaneously monitored the input and transmitted energy while varying the laser pulse energy, as shown in Figure 2a. At low energies, there was no absorption, because the microplasma was not generated. When the laser pulse energy surpassed the threshold (~250 nJ), the dependence of the transmitted energy on the input energy deviated from linear because the microplasma started to absorb the laser pulse energy (see Figure 2a). We also calculated the DED for a wide range of laser pulse energies, as presented in Figure 2b. The DED was close to zero at energies lower than the threshold because there was no absorption. However, the DED began growing after surpassing the threshold. Initially, the absorbed energy increased faster than the plasma volume; however, by increasing the electron concentration and plasma volume, the microplasma “clamps” the intensity in the focal plane and the DED decreased [8]. The maximum DED was achieved at about 1.6 Eth (Eth is the plasma-formation threshold). At these energy levels, plasma defocusing was not a dominant process and we could efficiently deliver energy to the atomic subsystem from the electronic subsystem [11]. It is important to note that the DED was averaged over the whole microplasma volume and the peak values could be higher. However, the observed DED was lower than the threshold value of micromodification formation and no micromodifications were obtained afterward.



In the next series of experiments, we focused on the dynamics of plasma formation and its relaxation. The time-resolved experiment was performed using a Michelson interferometer (see Section 2). We obtained the signal of the third harmonic generated on the microplasma [30] and coherent phonons [29], as well as the energy of the probe pulse transmitted through the sample. As discussed previously, the laser pulse energy was absorbed in the laser-induced microplasma. Therefore, by varying the time delay between the laser-induced plasma excitation and the generation of the third harmonic by the probe pulse, we obtained the evolution of the microplasma, as presented in Figure 3a.



Before the impact of the pump pulse, the transmission was 100%. Then, it rapidly dropped on the laser-pulse-duration timescale (~150 fs) and reached a level of ~65%. Then, the relaxation of the microplasma began. We fit the dynamics of relaxation with an exponential function (1 − (exp(−t/τ))), where τ is the plasma-relaxation time. The dependence of the plasma-relaxation time on the laser pulse energy is presented in Figure 3b. According to [23], the relaxation time of hot electrons in silicon heavily depends on their energy, and electrons with higher energies relax faster. For example, the relaxation time for 3 eV electrons is about 30 fs. This is illustrated in Figure 3b, where the relaxation times of electron plasma decreased from 320 fs in the case of a 3 μJ laser pulse to 160 fs in the case of a 7 μJ laser pulse. It is important to note that in our experiment in the time domain, we were limited by the pulse duration so the relaxation time could be lower than 160 fs.



In the last series of experiments, we retrieved the long-term dynamics of the coherent phonons. This was carried out in an experimental setup similar to the setup used to analyze the dynamics of coherent phonons in transparent dielectrics [31]. In this experiment, a signal of the third harmonic generated by a probe pulse on coherent phonons was recorded, similar to our previous work [20]. By varying the delay between the pump and probe pulses due to the movement of one of the arms in the Michelson interferometer, oscillations were observed in the third harmonic signal. The evolution of the phonon spectrum in silicon was obtained under excitation of the mid-IR laser pulses (see Figure 4) by analyzing this time signal using Fourier analysis with a floating time window.



The coherent phonons were generated on timescales greater than 300 fs. For lower time delays, a broadband plasma signal on the 2D intensity graph was observed. Then, it vanished and the 38 cm−1 phonon mode appeared. This low-frequency mode was observed under strong anharmonic excitation of the atomic lattice [32]. Based on Figure 4, it is possible to identify the coherent frequencies with the highest amplitudes of the third harmonic signal modulation, namely ~38 cm−1, ~80 cm−1, and ~130 cm−1. Moreover, the phonon frequencies changed over time, as shown in Figure 4. In contrast to magnesium fluoride [20], the frequencies of coherent phonons in silicon are much more difficult to attribute to certain polymorphic phases. This is caused by, firstly, the presence of a large (more than twelve [33]) number of phases observed at high pressures and, secondly, many frequencies (for example, at 130 cm−1) are characteristic of several phases [34]. In addition, the frequencies of phonon vibrations strongly depend on the lattice temperature [34]. However, even in such a non-trivial case, it is possible to analyze the pressure-induced phase transitions in silicon. During the times of electron–phonon interactions (on the order of 150–350 fs in silicon), energy is transferred from the electronic subsystem to the atomic subsystem, which leads to the generation of shock waves. At the front of these shock waves, phase transitions are observed [20,35]. In addition, on the time scales of electron–phonon interactions, coherent phonons are generated. The change in the characteristic frequencies can serve as an indicator of the phase transitions [20,31].



By analyzing the dynamics of the spectrum of coherent phonons, it was possible to determine the characteristic times of changes in the phonon spectrum. In Figure 5, these times are marked with vertical dashed lines. The phase transition from the Imma phase to β-Sn can be easily identified by a smooth disappearance of phonons at a frequency of 130 cm−1, as well as an increase in the phonon frequency from 80 cm−1, which is characteristic of the Imma phase [36], to 100 cm−1, which is characteristic of the β-Sn phase [37]. A similar frequency jump under a pressure variation was noted in [38]. It can also be stated that frequencies in the region of 30 cm−1 are characteristic of the fcc phase, as noted in [36]. In the same work, it was demonstrated that frequencies in the region of 70 cm−1 are characteristic of the cubic phase [36].



However, to identify new phases in silicon, one should pay attention to the time delays when the changes in the phonon spectrum occurred. Because the pressures at which the phase transitions occurred were relatively well-defined, at least for stationary conditions [33], and the pressure at the shock wave front decayed exponentially [39], it was possible to plot the points on axes (time—pressure), where the x-axis represented the delay at which the phase transitions occurred, and the y-axis represented the pressure at which the phase transitions should have occurred. If these points formed an exponential relationship (pressure decay), then the phase change was correctly restored. Figure 6 shows this graph, demonstrating that all points correspond accurately to the exponential decay of pressure. Thus, we can conclude that the shock wave induced by a laser pulse in silicon leads to a cascade of phase transitions and that they occur with decreasing pressure.




4. Conclusions


We reconstructed the dynamics of energy transfer from tightly (NA = 0.5) focused femtosecond pulses at a wavelength of 4.6 μm into bulk silicon under extreme deposited energy density (~4 kJ/cm3). Under such high DEDs, the plasma lifetime is around 160–300 fs and during this time, the energy is transferred from the electronic to the atomic subsystem. On the sub-ps time scale, coherent phonons are excited and shock waves are generated due to the energy transfer to the atomic subsystem. At the front of the shock wave, there is a disruption of the atoms in the lattice, which leads to a cascade of phase transitions and distortion of the phonon spectrum.
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Figure 1. Experimental setup. The energy of the laser pulse is controlled by a half-wave plate and a Glan prism. The initial laser pulse is split into pump and probe pulses using a Michelson interferometer. The polarization of the pump pulse is orthogonal to the probe pulse. The energy of the laser pulse transmitted through the sample is controlled by a photodetector. 
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Figure 2. (a) Dependence of the transmitted energy on the input laser energy. The dashed line indicates the linear dependence and the arrow indicates the plasma-formation threshold. (b) Dependence of deposited energy density (DED) on the input laser energy. The dashed line indicates the threshold of the micromodification formation. 
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Figure 3. (a) Dynamics of the change in absorption in the laser-induced plasma. The red line shows exponential fitting. (b) Dependence of plasma relaxation time on the laser pulse energy. 
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Figure 4. Intensity map of changes in the frequency of coherent phonons in silicon, depending on the delay between the pump and probe pulses. 






Figure 4. Intensity map of changes in the frequency of coherent phonons in silicon, depending on the delay between the pump and probe pulses.



[image: Photonics 10 00380 g004]







[image: Photonics 10 00380 g005 550] 





Figure 5. Dynamics of coherent phonon frequencies in silicon under the impact of a mid-IR femtosecond laser pulse. 
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Figure 6. Dependence of the pressure at which a phase transition can occur on the time delay between the pump and probe pulses. The red line marks the exponential pressure decay. 
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