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Black silicon is a promising and effective candidate in the field of photoelectric devices due to the high absorptance and broad-spectrum absorption property. The deposition around the processing area induced by the pressure of SF6, gravity, and the block of the processing chamber interferes the adjacent laser ablation and hampers uniform large-scale black silicon fabrication. To solve the problem, femtosecond laser- induced black silicon assisted with laser plasma shockwave cleaning is creatively proposed in our study. The results showed that higher, denser, and more uniform microstructures can be obtained than the conventional laser-induced method without laser cleaning. The average absorptance is 99.15% in the wavelength range of 0.3–2.5 µm, while it is more than 90% in the range of 2.5–20 µm. In addition, the scanning pitch dependence of surface morphology is discussed, and the better result is obtained in the range of 25–35 µm with 40-µm laser spot. Finally, a large-scale 50-mm × 50-mm black silicon with uniform microstructures was prepared by our method. It has been demonstrated that the deposition is effectively eliminated via our method, and the optical absorption is also enhanced significantly. It is of great significance for realizing large-scale preparation of photoelectric devices based on black silicon and lays the foundation for the development of laser-inducing equipment and industrial application.
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INTRODUCTION
Light-trapping structures can improve the local resonance modes of light and the propagating light wavelength range in the material, which not only enhances absorption of light from near-ultraviolet to the near-infrared and improves photocurrent but also reduces materials used. Currently, various nanoscale light-capturing methods, including photonic crystals, plasmonic nanostructures, and nanoscale lines and gratings [1–3], have been investigated. Black silicon is fabricated with micro-, nano-, or micro–nano-scale structures [4, 5]. While the absorption of silicon is reduced abruptly due to the forbidden bandwidth when the light wavelength is more than 1,100 nm [6], a better optical absorption property is showed on the black silicon due to the multiple reflections between the microstructures and impurity doping, especially in the near-infrared band ranging from 1,100 nm to 2,500 nm [7, 8]. Since the first research about black silicon was reported from Harvard University in 1998 [9], extensive research has been conducted on this promising material. Consequently, black silicon is an effective and low-cost candidate compared with the other photoelectric materials.
Due to the high absorptance and broad-spectrum absorption property, black silicon is applied in many fields. About photocatalysis and photo-electrocatalysis [10, 11], B. Wang et al. [12] fabricated a plasmon-enhanced black silicon material to synthesize ammonia using photo-electrocatalysis in 2020. About photodetection [13, 14], Z. Qi et al. [15] fabricated a gold nanoparticle-modified silicon pyramid-shaped material that was able to enhance thermal electron NIR light detection in 2017. About solar cell [16–19], I. Putra et al. [20] made a B-Si solar cell by performing a silver-assisted chemical etching of the micro-pyramid on a silicon wafer to form a finer nanocolumn structure on the micro-pyramid in 2019. In short, black silicon has great potential in the field of optoelectronic devices.
Furthermore, how to fabricate the micro-nano structures to get a good optical property is a great challenge in the field of photoelectric devices. In the past several decades, there were many methods reported about the preparation of black silicon, including metal-assisted chemical etching (MACE) [21, 22], wet chemical etching [23], reactive ion etching (RIE) [24, 25], and laser processing [26–29]. The absorption result of samples treated with femtosecond laser in SF6 was superior to the results of samples using other methods [30]. Sulfur-hyperdoped silicon processed by ultrafast laser led to a wide continuous impurity band, which has a wide contribution of energy levels and gives rise to infrared absorptance. In addition, the laser technology was compatible with the CMOS processing and has the advantages of flexibility, simplicity, and precision. However, there was a problem in the processing industrially that a large amount of powder deposited on the processing area after the laser irradiation [31]. The particles splashed from the surface due to the laser energy deposit mostly on the sides of the processing row. It deteriorated microstructure morphology on the next row, leading to a worse optical property of the whole large-scale black silicon.
Currently, research related to black silicon mainly centers on a small point. It is attributed to the difficulty to realize large-scale uniformity of microstructures by femtosecond laser and the high cost of the laser-processing equipment. Laser cleaning is a novel surface cleaning technology, with the advantages [32] of environmental protection, non-contact, wide range of applications, high cleaning accuracy, etc. The laser cleaning technology is applied in many fields, including the removal of paint [33], rust, compounds [34], particles [35], and the protection of artifacts [36]. In our study, laser cleaning was used to remove the deposit and enhance the uniformity of large-scale black silicon.
In our study, to solve the problem of deposition and prepare large-scale black silicon, a method of laser induction assisted with laser plasma shockwave cleaning was investigated. Compared with the conventional process method, the addition of the laser cleaning technology was helpful to remove the deposition so that a better optical property of the microstructures was achieved. A series of experiment were conducted. Then the morphology and the absorption property were obtained. The results indicated that laser induction assisted with laser cleaning was an effective and low-cost method which could be applied to the preparation of large-scale black silicon industrially, especially for the application of solar energy sells and optoelectronic devices.
MATERIALS AND METHODS
The N-type silicon wafers (111) with a thickness of 200 µm were used as samples in our experiments. The wafers were polished before laser processing. A 25-W, 515-nm femtosecond laser system with a duration of 400 fs and a repetition rate of 200 kHz was used to fabricate black silicon. In addition, the processing position of the samples was controlled precisely by an xyz motion platform and affiliated software.
Figure 1A shows the schematic diagram of the whole processing system used in our study. The laser beam was focused through the lens (with a focal length of 75 mm), and the laser spot with a diameter of 40 µm was irradiated on the silicon wafer. The sample was set in SF6 with a pressure of 67 kPa. The scanning speed was 20 mm/s, with a laser fluence of 7.96 J/cm2 during the inducing process, while it was 100 mm/s with a laser fluence of 3.98 J/cm2 in the laser cleaning process. In order to fabricate large-scale black silicon, several fixed spacing rows were designed via affiliated software first as shown in Figure 1A. The laser-inducing process and laser-cleaning process were conducted alternatively. The detailed process was as follows: 1) first, laser scans in a certain direction forming one laser-induced black silicon; 2) second, the adjacent scanning by laser cleaning with the same spacing row was conducted; 3) third, the laser- inducing process was repeated along the same path as the second step; and 4) finally, large-scale uniform black silicon was formed by repeating the aforementioned steps. Figures 1B,C show the difference between our method and the conventional laser induction method. In our experiments, different distances between the processing rows were tried to find better performances of the large-scale black silicon.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the femtosecond laser processing system. (B) Laser induction assisted with laser cleaning and (C) conventional laser induction.
The morphology of the microstructures was characterized by the scanning electron microscope (SEM) and the laser-scanning confocal microscope. The 3D optical image was obtained from the laser-scanning confocal microscope to observe the whole morphology and calculate the RMS value. The color bar corresponded to the height of the model built in the 3D images. Furthermore, the absorptance of the treated samples in our study was analyzed using an ultraviolet spectrophotometer (for the wavelength range from 0.3 to 2.5 µm) and a Bruker Tensor–Fourier transform infrared (FTIR) spectrometer (for the wavelength range from 2.5 to 20 µm), both equipped with integrating spheres.
RESULTS AND DISCUSSION
It was verified that the conical microstructures can be formed on the silicon material after pulsed laser processing in the gas of SF6. The powder splashed from the surface deposited on the sides of the processing line subsequently because of gravity, gas pressure, and the block of the glass cover. Figure 2 indicates the schematic diagram of the deposition laterally and the 3D image of a single row after the conventional laser-inducing process. The optical property and the microstructure of the fabricated black silicon were influenced. In order to remove the deposition, laser cleaning was conducted. The laser plasma shockwave cleaning has been an advanced and effective method to remove particles in recent years. Under the irradiation of the intense pulsed laser, the powder and the plasma plume were created [37]. The phenomena of gasification and ionization occurred in the plasma plume. Then, the plasma plume expanded rapidly with high temperature (>104 K) and high pressure (>1 GPa). Finally, the laser-heated plasma exploded and led to the formation of laser-supported detonation waves [38] to remove nanoparticles. The schematic diagram of the laser plasma shockwave cleaning is shown in Figure 3A. The detailed mechanism of laser cleaning is still a major research point. Figure 3B shows the result of Figure 2A processed after laser cleaning. The RMS value obtained from the laser scanning confocal microscope, which was the root mean square height for the evaluation area, was widely used to characterize the surface roughness. The RMS value for the non-cleaned region marked in red line in Figure 2A was 0.114 µm, while it was 0.054 µm for the cleaned area marked in Figure 3B. It is obvious that the deposition was eliminated effectively.
[image: Figure 2]FIGURE 2 | Deposition on the single row fabricated with laser inducing process. (A) 3D image of the processing row and (B) schematic of the deposition laterally.
[image: Figure 3]FIGURE 3 | (A) Schematic diagram of the laser plasma shockwave cleaning and (B) result of Figure 2A processed with laser cleaning.
Figure 4 demonstrates the processed morphology prepared by laser-inducing process without laser cleaning and assisted with laser cleaning. The conical structures were formed in both processing methods. The microstructures in Figure 4B were denser and higher than the structures in Figure 4A. The RMS value for the area processed without laser cleaning was 1.71 µm, while it was 1.95 µm for the sample processed with laser cleaning. It is known that the better absorption property was attributed to the larger deep-to-width ratio and the multiple reflections between the conical structures [39]. The absorption curves of the processing area over the wavelength ranged from 300 nm to 20 µm and are illustrated in Figure 5. It is obvious that the absorptance of the samples prepared with laser cleaning was enhanced experimentally in the regions of ultraviolet, visible, near-infrared, and mid-infrared. In the wavelength range of 0.3–2.5 µm, the average absorption of the samples treated with laser cleaning was improved from 95.72 to 99.15%, while in the range of 2.5–20 μm, an average absorption of more than 90% was achieved in our experiments using the laser cleaning technology, which is the highest absorptance achieved on silicon by laser technology as far as we know.
[image: Figure 4]FIGURE 4 | Surface morphology processed (A) without laser cleaning and (B) with laser cleaning.
[image: Figure 5]FIGURE 5 | Absorption curves of samples processed without laser cleaning and with laser cleaning.
In order to realize the industrial application of optoelectronic devices, it is necessary to improve the processing performance of large-scale black silicon prepared by the laser-inducing process assisted with laser cleaning. In our experiment, the different distances (5, 15, 25, 35, 45 µm) between adjacent rows were analyzed to improve the whole processing morphology. The 3D optical images of the samples are shown in Figure 6. The surfaces were ablated obviously, while the distance between rows was 5 µm or 15 µm because of the large overlapping laser energy, as shown in Figures 6A,B. Figure 6E shows that the energy deposited on the side of the rows was too little to induce the microstructures somewhere. As shown in Figures 6C,D, the 3D optical images show that the better microstructure morphology was obtained when the distance of rows was between 25 and 35 µm. The laser spot used in our study was 40 µm. In the fabrication of large-scale black silicon, different scanning pitches led to different overlapping rates of the laser spot and different energy irradiated on the silicon surface. An extremely small scanning pitch causes excessive laser energy on the irradiation area, while an extremely large pitch contributes too little energy to get the undesirable surface microstructure and worse optical properties. Therefore, an appropriate scanning pitch, which is related to the diameter of the laser spot and the laser fluence, should be selected in the laser processing of large-scale black silicon. Finally, the image of 50-mm × 50-mm black silicon prepared by femtosecond laser-inducing process assisted with laser cleaning is shown in Figure 6F. The scanning pitch between the adjacent rows was 25 µm. The processed area is shown in black completely due to its perfect light trapping.
[image: Figure 6]FIGURE 6 | 3D images of samples with different pitches between rows, including (A) 5 μm, (B) 15 μm, (C) 25 μm, (D) 35 μm, and (E) 45 µm. (F) Image of 50-mm × 50-mm black silicon.
The method of the laser-inducing process assisted with laser plasma shockwave cleaning was certified previously to improve the optical property of large-scale black silicon. The laser cleaning technology was effective in removing the deposition beside the processing line and enhancing the density and uniformity of microstructures. In addition, the method assisted with laser cleaning was helpful in promoting the widespread application of photoelectric devices based on black silicon, especially in the field of mid-infrared. It also laid the foundation on the development and industrial application of laser-inducing equipment. However, the powder generated from the laser-cleaning and laser-inducing processes may redeposit on the previous processed area. The processing chamber prevents the powder from splashing out of the processing area. Further investigation is needed to reduce the influence of redeposition on the laser-induced surface and absorption property of black silicon.
CONCLUSION
In our study, the method of laser induction assisted with laser plasma shockwave cleaning in ambient SF6 to fabricate large-scale black silicon has been put forward. About this method, the femtosecond laser plasma shockwave cleaning technology was used to remove the deposition on the sides of processing rows before the next laser inducing.
In the laser-induced large-scale preparation of black silicon industrially, the particles deposit around the processing area induced by the gas pressure, gravity, and the block of the processing chamber. A set of experiments has been carried out to confirm the effectiveness of our method. In our experiments, the analysis of the SEM images and the 3D optical images indicated that the microstructures prepared by our method were denser and more uniform than the traditional laser-inducing process. The RMS value of the microstructures with this method was approximately 0.2 µm higher than the result without laser cleaning. Furthermore, great enhancement of the absorptance over a broad range was achieved significantly. In the wavelength range of 0.3–2.5 µm, the average absorption was 99.15%, and in the range of 2.5–20 μm, an absorptance of more than 90% has been realized experimentally. The absorptance is the highest compared with the results reported in other research as far as we know. Different scanning distances including 5, 15, 25, 35, and 45 µm with a 40-µm laser spot were conducted to get better microstructures. The best morphology was obtained with the processing pitches of 25 and 35 µm. Excessive overlapping laser energy led to the ablation of the surface of silicon, while too little overlapping laser energy induced to an undesirable morphology between the adjacent rows. Moreover, high-performance black silicon with a size of 50 mm × 50 mm was fabricated in our experiments.
The laser-inducing process assisted with laser plasma shockwave cleaning provides an effective and low-cost solution to eliminate the deposition in laser-induced large-scale black silicon. It is helpful to the development of optoelectronic devices, especially in the field of photocatalysis and photo-electrocatalysis, near-infrared and visible light photodetection, solar cell, sensing, antibacterial materials, and so on. Also, the method promotes the development and widespread application of femtosecond laser equipment.
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