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Abstract

:

Laser-induced plasma micromachining (LIPMM) can be used to fabricate high-quality microstructures of hard and brittle materials. The liquid medium of the LIPMM process plays a key role in inducing the plasma and cooling the materials, but the liquid medium is overheated which induces lots of bubbles to defocus the laser beam and reduce machining stability. In this paper, a comparative investigation on bubble behavior and its effect on the surface integrity of microchannels in three types of liquids and at different depths during LIPMM has been presented. Firstly, the formation mechanism of microbubbles was described. Secondly, a series of experiments were conducted to study the number and maximum diameter of the attached bubbles and the buoyancy movement of floating bubbles in the LIPMM of single-crystal silicon under deionized water, absolute ethyl alcohol, and 5.6 mol/L phosphoric acid solution with a liquid layer depth of 1–5 mm. It was revealed that the number and maximum diameter of attached bubbles in deionized water were the highest due to its high tension. Different from the continuous rising of bubbles at the tail of the microchannels in the other two liquids, microbubbles in 5.6 mol/L phosphoric acid solution with high viscosity rose intermittently, which formed a large area of bubble barrier to seriously affect the laser focus, resulting in a discontinuous microchannel with an unablated segment of 26.31 μm. When the depth of the liquid layer was 4 mm, absolute ethyl alcohol showed the advantages in narrow width (27.15 μm), large depth (16.5 μm), and uniform depth profile of the microchannel by LIPMM. This was because microbubbles in the anhydrous ethanol quickly and explosively spread towards the edge of the laser processing zone to reduce the bubble interference. This research contributes to a better understanding of the behavior and influence of bubbles in different liquid media and depths in LIPMM of single-crystal silicon.
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1. Introduction


Single-crystal silicon is the key essential material of semiconductors with outstanding electrical properties and photovoltaic characteristics and has been widely used in the fields of optoelectronics and microelectronic devices [1]. However, it is difficult to fabricate high-precision microstructures of silicon wafer due to its high degree of hardness (12–14 GPa) and low level of fracture toughness (~1 MPa·m(1/2)), which leads to significant restriction in the applications of conventional mechanical machining technologies like turning, milling, or grinding [2]. Ehmann et al. [3] proposed a novel type of underwater micromachining process, laser-induced plasma micromachining (LIPMM), to fabricate microchannels on the silicon surface through high-temperature spot plasma in the liquid.



Compared with conventional mechanical machining technologies like turning, milling, or grinding which generate considerable cutting force leading to severe tool wear and surface damage (microcracks), as well as low machining accuracy and efficiency, the proposed LIPMM is not restricted by the hardness and brittleness of materials to without contact machining for the reason that the principle of this process is to focus a laser beam on a liquid medium to induce a high-temperature plasma which is used to remove material. Thus, LIPMM could solve these drawbacks of conventional mechanical machining technologies and achieve a high machining quality of single-crystal silicon. The material removal mechanism of LIPMM is similar to that of electrical discharge machining (EDM). The material removal of the two processes depends on the coupling of thermal energy and the mechanical energy of the plasma [4,5]. Totally different from EDM, LIPMM can be used to machine non-conductive materials and is not restricted by wear or size of tool electrodes [6], thereby effectively improving the dimensional accuracy of the workpiece. With the expansion of the induced plasma, its resistance generates recoil pressure acting on the processing zone to cause debris splashing [7]. By comparison of a laser through air, the liquid of LIPMM can not only remove the redundant heat and debris on the machine surface, but also contribute to weakening the plasma shielding effect [8]. Charee et al. [9] found out that high water flow efficiently flushed away the debris from the machined surface to block its deposition, thereby machining clean microgrooves on the silicon wafer. The redeposition phenomenon of molten material in LIPMM was reduced and a high-quality surface with little recast layer was achieved from the research of Muhammad et al. [10]. Thus, LIPMM showed strong potential in the micromachining of non-conductive hard and brittle materials with low thermal damage and no contact-cutting force.



However, the extremely high temperature of the plasma used for removing the materials inevitably causes a phase transformation of the surrounding liquid medium, and a large number of microbubbles are formed that move towards the liquid surface and attach to both sides of the microchannel [11]. In the case of continuous laser pulses, there tends to be more bubbles because of the heat accumulation effect [12]. Additionally, the formation of the microchannel also constrains the bubbles and results in different sizes of attached bubbles [6]. The existence of these microbubbles causes defocus and energy dissipation of the pulsed laser, which ultimately reduces machining stability and the quality of the surface microstructures. Moreover, the shockwave emitted by bubble collapse is also detrimental to the surface morphology [13]. So Tangwarodomnukun et al. [14] implemented an ice layer to replace the liquid layer in laser micromachining of silicon wafers to develop machining stability. Though the water made from the melting ice could provide key contributions to heat dissipation and debris removal, the problem of the formation of a large number of microbubbles still cannot be effectively solved.



In LIPMM, the parameters of the liquid medium, like the laser parameters, are also the main factors affecting the quality of the microchannel. In order to study the effect of liquid on the machining efficiency and surface quality of a picosecond laser cutting germanium, Barcikowski et al. [15] mixed ethanol with distilled water. The results showed that as the ethanol content in the solution increased, the cutting quality was improved. Compared with the pits machined in the air, the pits machined in ethanol were cleaner and the hardness of the pits was higher. More uniform nano-scale colloids, liquids, and pores were observed on the microscopic surface [16]. Jin et al. [17] found that with the increase of liquid viscosity or surface tension, the range of the bubble size distribution became wider. At the same time, Kováts et al. [18] also found that bubble size was positively correlated with liquid viscosity and surface tension, while bubble velocity was negatively correlated with liquid viscosity and positively correlated with surface tension. In addition, the results of Abdulkadir et al. [19] showed that as the viscosity of the liquid increased, the resistance of the bubbles increased and eventually the bubbles were more likely to coalesce. In the glycerin aqueous solution, the bubble was constrained by the liquid resistance after its formation, and the velocity decreased first, but as the bubble shape became stable, the bubble velocity increased until the resultant force of the bubble reached equilibrium [20].



At present, pure water or deionized water is commonly used in LIPMM as its liquid medium [21], but there are few articles on the formation of bubbles and the quality of microchannels in other liquid media. Since different liquid media have different thermal physical properties, the bubble behavior generated by LIPMM will show the obvious difference in the different liquid media. It is imperative to find out the appropriate liquid to relieve the negative effect of bubble behavior on machining stability and quality.



According to the above research questions, this paper compared and analyzed bubble behavior in different liquids when picosecond laser-induced plasma micromachining silicon. Section 2 illustrates the forming mechanisms of bubbles in LIPMM. Section 3 describes the experimental procedure. Section 4 conducts the comprehensive analysis of the simulation and experimental results, and the conclusions are drawn in Section 5.




2. Materials and Methods


The theory of LIPMM is that when the focus of an ultrashort pulsed laser instantly induces optical breakdown of liquid medium and material (exceeding the critical breakdown threshold), high-temperature plasma is generated to achieve material removal through a thermo-mechanical coupling effect accompanying the plasma evolution process. The moving trajectory of the laser focus is controlled to obtain different microstructures. As shown in Figure 1, the optical breakdown results in rapidly heating up the processing area, and with the effect of heat diffusion, a large number of microbubbles with different initial velocity and direction are ejected from the processing area. A small number of bubbles are ejected close to the microchannel and captured by the surface of the workpiece due to the constraint of adhesion force (adhesion force is related to surface roughness and surface microdefects). The size of these attached bubbles changes continuously under the action of the large temperature gradient of the processing area and the external pressure of the surrounding liquid. When the mechanical disequilibrium of the bubble surface leads to bubble collapse, the shock wave of bubble cavitation will cause microcraters on the silicon surface. On the other hand, most of the microbubbles move upwards due to the effect of buoyancy and eventually float at the liquid–air interface. These floating bubbles may hinder laser focus during the next laser pulse, reducing machining stability, which in turn has a negative impact on surface quality. In this paper, bubbles attached onto the machined surface of silicon were mainly quantitatively analyzed in different liquids, which could directly impact the surface integrity of silicon, while floating bubbles were qualitatively analyzed by use of high-speed observed images.




3. Experimental Procedure


3.1. Materials and Equipment


The sample of this experiment was a 2-inch circular polished silicon wafer with a thickness of 1 mm, which was attached to the bottom of the plexiglass tank (20 mm × 20 mm × 5 mm). A thin layer of liquid was poured into the tank to enable the silicon sample to be fully immersed. The solid-state laser (Huaray pin-532-7) in this experiment could generate a laser with a fixed pulse width of 8 ps and a wavelength of 532 nm. As shown in Figure 2, the laser was focused on the liquid medium and the sample surface after passing through various optical elements, and then the plasma was immediately induced on the material surface to remove the silicon with a focal spot of 50 μm.



Figure 2a shows the optical measurement capturing a side view of the bubble motion. Another light source with a wavelength of 532 nm passed through the convex lens and was transformed into parallel light, which then irradiated the laser processing region and was finally captured by a high-speed camera along the light path. Figure 2b shows the optical measurement capturing a top view of the bubble motion. A CCD camera equipped with a telecentric lens was directed towards the plasma processing area, and its position was adjusted to ensure that the entire microchannel processing could be fully observed. Additionally, the high-speed cameras and CCD cameras were equipped with an optical filter in front of the lens to filter out most of the bright light and ensure a clear image of the bubble.




3.2. Experimental Design


As shown in Table 1, the single-factor experimental study in this paper included two process variables: namely, the type of liquid medium and the depth of the liquid layer. The three types of liquid medium were deionized water, absolute ethyl alcohol, and 5.6 mol/L phosphoric acid solution. The depths of the liquids were set as five levels: namely, 1, 2, 3, 4, and 5 mm. Other process parameters were constant in the experiment, as shown in Table 2. The bubbles that attached onto the machined surface of silicon were counted, and the experimental results of the attached bubble numbers and the maximum diameter of these bubbles are listed in Table 1.




3.3. Measurements and Characterizations


The number of attached bubbles and the maximum diameter of the attached bubbles under different processing parameters were counted and recorded according to the images observed by CCD camera during a period of 2 s. The maximum diameter referred to the diameter of the largest of the bubbles attached to either side of the microchannel at the end of processing. After the processing, the telecentric lens at the front of the CCD camera and the CCD camera were slowly moved to observe the bubbles around the microchannel together. When moved to a new position, the camera should be refocused each time to ensure the accuracy of the number of tiny, attached bubbles. In addition, the position of the largest attached bubble was also noted in the process in order to capture the image containing the largest attached bubble in the next step. In other words, during the selection of the largest attached bubble, the bubbles needed to be compared in size. The size of the largest bubble (maximum diameter) was the size of a single bubble, not the average diameter value of multiple bubbles. The diameter of the largest attached bubble was measured with a microchannel length of 2 mm as a measurement benchmark. During the recording process of the bubble floating trajectory, the brightness of the external 532 nm light source and the aperture value of the high-speed camera needed to be adjusted in relation to each other. It was necessary to ensure that the background light was sufficient and that the bubble trajectory could be observed clearly and to prevent overexposure and loss of bubble details. The surface morphology channel width and the heat-affected zone (HAZ) of the microchannels processed on the surface of the monocrystalline silicon wafer was photographed with a thermal field emission scanning electron microscope (JEOL JSM-7600 F) under different magnification of 80×, 800×, and 1600×. The microchannels were first viewed as a whole in order to find significant differences, and then the individual defects were subsequently observed in detail at high magnification. The depth of the microchannels was measured by Laser Scanning Confocal Microscope, and the chemical elements of the machined surface were analyzed by EDS.





4. Results and Discussion


4.1. Analyzing Bubble Number


Figure 3 presents the number of attached bubbles under different liquid mediums and depths of the liquid layer at the time point of the 2nd second when the laser machining stopped. In both the deionized water and 5.6 mol/L phosphoric acid solution, the number of attached bubbles decreased significantly when the depth of the liquid layer increased from 1 to 3 mm, while the number of attached bubbles increased when continuing to increase the liquid depth. The reason for this phenomenon may be that with the increase of the liquid layer depth, the laser defocus and the focal spot area both became more severe and much larger, which led to the more divergent distribution of the induced plasma energy and the decrease of the number of bubbles due to the increase of heat transfer dissipation. However, when the depth of the liquid layer exceeded 3 mm, the laser defocusing resulted in a larger focused spot. Although the energy of the laser-induced plasma was not concentrated at the shallow liquid depth, it also resulted in a wider area of the surface being affected by the heat. Eventually, the number of attached bubbles generated on the surface began to increase. Figure 4 shows the maximum diameter of the attached bubbles in the three kinds of liquid medium at the end of laser processing (2nd second), including the increase of the liquid depth. Correspondingly, it could be seen that after the liquid layer depth exceeded 3 mm, the maximum diameter of the attached bubbles in deionized water and 5.6 mol/L phosphoric acid solution became less significant with the change of the liquid layer depth. When the depth of the liquid layer exceeded 3 mm, the laser energy was diffused, and the bubble distribution became scattered. The interaction (aggregation) of multiple bubbles and the explosive behavior of the bubbles was less likely to occur. The generated microbubbles were relatively stable in size.



At the same conditions, the number of attached bubbles in deionized water was higher than that in 5.6 mol/L phosphoric acid solution. However, compared with the two liquid media, no residual microbubbles were found on the machined surface in the absolute ethyl alcohol at the end of processing. At the temperature of 20 °C, the tension of absolute ethanol (22.3 mN/m) is much lower than that of deionized water (72.7 mN/m). The lower the liquid surface tension is, the more the number of retained large bubbles will be significantly reduced [17]. This also explains why large bubbles on the surface of the processed material in ethanol were not observed by CCD cameras.




4.2. Analyzing Maximum Size of Bubbles


As shown in Figure 4, at the end of laser processing (2nd second), the maximum diameter of the attached bubbles in 5.6 mol/L phosphoric acid solution gradually decreased with the increase of liquid depth, while liquid depth had little effect on the maximum diameter of the attached bubbles in deionized water. As the depth of the liquid layer increased, the laser defocused more easily, and the energy was severely dissipated, which led to the decreased continuous absorption of heat energy by the bubbles so that the maximum size of the attached bubbles became smaller. As shown in Figure 5a,d, it was obvious that the largest size of the attached bubbles was located at the beginning of the microchannel processing, and the heat absorbed by bubble expansion came from the induced plasma. Once the velocity of the plasma in different liquid media and different liquid layer depth was beyond a certain range, the maximum attached bubble would be farther from the starting point, which increased the difficulty of energy transfer. Therefore, the size of the maximum attached bubble did not fluctuate much. However, there were hardly any residual bubbles to observe in the absolute ethyl alcohol. This is because the tension of absolute ethyl alcohol (22.3 mN/m at 20 °C) is very low, and the number of attached large bubbles is greatly reduced [17].



The bubble behavior in the processing process (Figure 5a–c) and the maximum diameter of the attached bubbles at 2 s in different liquid media (Figure 5d–f) were also investigated. Figure 5a presents the discovery that the newly formed bubbles in deionized water mainly moved towards the tail end, and there were fewer bubbles in the front end. The density of bubbles ejected towards the bubble tail end in 5.6 mol/L phosphoric acid solutions was greater than that in deionized water. This was because the phosphoric acid solution is more viscous than both water and anhydrous ethanol. The increase in the viscosity of the liquid caused a resistance against the bubble motion and made the bubbles rise slowly and coalesce with each new bubble, resulting in a higher bubble density at the tail [19].



Different phenomenon in absolute ethyl alcohol can be seen from Figure 5c where the bubbles jetted quickly from the microchannel to the outside of the plasma processing zone, and few bubbles remained close to the inner ring of plasma. Figure 5d,e describes that static behavior of attached bubbles in deionized water and phosphoric acid solution, respectively. The maximum diameter of the attached bubble in deionized water was 741.21 μm, while the maximum diameter of the attached bubble in phosphoric acid solutions was 159.84 μm. Surprisingly, there were no attached bubbles surrounding the microchannel at the end of processing. This was also attributed to the tension of absolute ethyl alcohol (22.3 mN/m at 20 °C) being much lower than that of deionized water (72.7 mN/m). The lower the surface tension of the liquid, the fewer large bubbles were retained [17], so the surface of the silicon in absolute ethyl ethanol looked much cleaner.




4.3. Analyzing Motion Trajectory of Bubbles


In order to study the difference of the bubble movement trajectories in different liquid medium, other process parameters and the thickness of the liquid layer were all keep constant. It can be seen from Figure 6, Figure 7 and Figure 8 that the bubble movement was continuous with one bubble following another during the laser process in both deionized water and absolute ethyl alcohol. However, the bubbles in the phosphoric acid solution floated up differently. The large clumps of bubbles gathered together to move up. The newly generated bubbles did not float up until a certain number of bubbles had accumulated. The viscosity of deionized water and anhydrous ethanol is 1.005 mPa·s and 1.18 mPa·s, respectively, which is relatively similar. However, when phosphoric acid is added to water, the viscosity of the solution increases significantly. The formed bubbles had an initial velocity. The drift movement of the newly generated bubbles was subject to great resistance with the increase of liquid viscosity, and the velocity of the microbubbles was reduced. Then, since the subsequent bubbles will be accumulated together, the distribution area of microbubbles becomes wider [19]. Until the bubble shape becomes stable, the bubble velocity conversely begins to increase [20]. This also explains the intermittently agglomerated bubbles in the phosphoric acid solutions. In combination analysis of Figure 5b,e, the bubbles stacked above the microchannel, which interacted easily with each other, were widely distributed and dense. The concentrated bubble cluster caused a change of buoyancy and surrounding pressure gradient to affect the force balance of the bubbles.




4.4. Analyzing Surface Integrity of Micro Channels


Figure 9 shows the profiles and morphology of the microchannels fabricated by LIPMM under three different liquid mediums. The average HAZ and width of the microchannel in deionized water were 47.94 μm and 36.85 μm, the average HAZ and width of the microchannel in phosphoric acid solution were 49.29 μm and 30.95 μm, and those in absolute ethyl alcohol were 49.24 μm and 27.15 μm. The widths of the microchannel obtained in absolute ethyl alcohol were narrower than those obtained in deionized water and phosphoric acid solutions. In addition, it can be seen from Figure 9e that the microchannel obtained in ethanol had very significant and deeper scan traces. This indicated a high utilization rate of laser energy in ethanol. It can be found from Figure 5 that the formed microbubbles in ethanol spread rapidly to the periphery of the laser processing zone, which was beneficial to reducing the processing interference to the microchannel and ensuring the effectiveness of subsequent laser processing. Moreover, the lower density of bubbles attached to the edge reduced the destruction of bubbles from plasma energy distribution and provided a relatively stable environment for the laser focusing process, which can concentrate the thermal energy to narrow the microchannel. By combination analysis of Figure 3, Figure 4 and Figure 5, both the number of bubbles and the maximum size of the attached bubbles in deionized water were larger than those in the other two liquid media. The microbubbles close to the microchannel more easily caused laser refraction and scattering, resulting in a larger heat-affected zone on both sides of the microchannel, so the number and size of the bubbles became larger. This could contribute to the microchannel being wider in deionized water. Similarly, the number and the maximum size of the attached bubbles as well as the microchannel width in phosphoric acid solution were between those of ethanol and deionized water. Although the HAZ of the microchannels in all three types of liquid medium had almost no difference, the profile of the microchannel in absolute ethyl alcohol was the clearest.



As shown in Figure 9d, the uniformity and continuity of the microchannel in 5.6 mol/L phosphoric acid solution were the worst. In the detail view (800×) of Figure 10, its defects can be clearly seen in that one section with a length of 26.31 μm was not ablated, and the ablation depths of the microchannel were also different along the direction of the scanning path. Since Figure 7 shows that the microbubbles produced in phosphoric acid moved upward in intermittent clusters, it could be inferred that the reason for the unablated section is that the bubbles did not immediately float but accumulated into a large cluster of bubbles to float, and these accumulated bubbles in the processing zone of the channel lead to multiple reflections and refraction of the pulsed laser as well as serious attenuation of laser energy, negatively affecting the laser ablation of the silicon material. It can also be seen from Figure 9b,d,f that there was far more micro debris on both sides of the 2 mm microchannel obtained in the phosphoric acid solution than in the ethanol and deionized water. The stability and continuity of processing was reduced due to the effect of bubble retention. The residues removed by the material were not effectively flushed away by the liquid and a large amount of debris remained on the surface of the material.



Figure 11 presents the depths profiles of microchannels under different liquid mediums. The maximum depth of the microchannels under deionized water, 5.6 mol/L phosphoric acid solution, and absolute ethyl alcohol were 4.8, 8.4, and 16.5 μm, respectively. As for the microchannel under absolute ethyl alcohol, its depth was the biggest, and the ablated depth in longitudinal direction always remained consistent and had the most uniform and smooth profile. This was because the generated bubbles rose up quickly in ethanol, while the density of the bubbles attached to the edges of the microchannel was too low to interfere with the laser focus [15], finally forming a deep and uniform microchannel. It can be seen from Figure 5c,f that the floating microbubbles spread explosively, farther away from the machining center, and had less influence on the machining process. Comparatively, the depth of the microchannel in deionized water was the smallest one in the three liquid media. The number and the maximum size of the bubbles attached to both sides of the microchannel in deionized water were much larger than those in ethanol and phosphoric acid solutions. These phenomena also verified that since the laser propagation was defocused due to the obstruction of bubbles attached to the edge of the microchannel, the effective energy that could act on the center of the microchannel became weaker. On the contrary, the depths profile of the microchannel under phosphoric acid solution had a large discontinuous part. According to the floating motion of the bubbles in phosphoric acid solution as shown in Figure 7, some newly generated microbubbles remained near the microchannel to form a dense bubble barrier (as seen in Figure 5b), resulting in serious laser defocus. Due to the obstruction of heat transfer, the material surface could not be effectively ablated, which led to the depth fault and discontinuity of the machined microchannel.



EDS analyses of microchannels under different liquid mediums were conducted as shown in Figure 12. Compared with microchannels of the other two liquids, the amounts of C and O elements of the microchannel in the phosphoric acid solution were the largest, 6.24% and 10.36%, but the amounts of P elements were almost the same. This also revealed that the microchannel in the phosphoric acid was subjected to a stronger thermal effect due to the interference of the thermal energy distribution by microbubbles.





5. Conclusions


In this paper, the effects of three types of liquid mediums and the depth of the liquid layer on the adhesion of microbubbles and the buoyancy movement of bubbles in LIPMM of single-crystal silicon were analyzed, and the effects of bubble behavior on the surface integrity of microchannels were further revealed. The main conclusions were summarized as follows:




	
The number and maximum diameter of attached bubbles in deionized water were the largest in different depths of liquid layer, while absolute ethyl alcohol with the low tension of alcohol contributing to just generate a few small sized attached bubbles at the edge of the microchannel, which could reduce the negative effect of bubbles on the energy distribution of laser-induced plasma.



	
Compared with the following and continuing buoyancy movement of bubbles in both deionized water and absolute ethyl alcohol, microbubbles in 5.6 mol/L phosphoric acid solution with its high viscosity rise up intermittently after a certain accumulation of newly generated bubbles. The formation of a large area of bubble barrier seriously affects the laser focus, resulting in a discontinuous microchannel with an unablated segment of 26.31 μm. However, the microchannel in the phosphoric acid was subjected to a stronger thermal effect. The mass fractions of oxygen (6.24%) and carbon (10.36%) in the phosphoric acid were both larger than that of oxygen and carbon in deionized water (O 1.55% and C 4.57%) and anhydrous ethanol (O 2.37% and C 8.09%).



	
When the depth of the liquid layer is 4 mm, absolute ethyl alcohol showed the advantages in a narrow width (27.15 μm), large peak depth (16.5 μm), and uniform depth profile of the microchannel by LIPMM, but the HAZ width of the microchannels in all three types of liquid mediums had almost no difference. Microbubbles in the anhydrous ethanol quickly and explosively spread towards the edge of the laser processing zone, which reduced laser scattering and refraction and ensured the efficiency of subsequent processing.
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Figure 1. Schematic of LIPMM. 
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Figure 2. Devices: (a) side-view path; (b) top-view path. 
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Figure 3. The number of attached bubbles under different liquid mediums and depths of liquid layer at the end of 2-s machining. 
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Figure 4. Maximum attached bubble sizes under different liquid mediums and depths of liquid layer at the end of 2-s machining. 
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Figure 5. Attached bubbles under different liquid mediums: (a) deionized water in process; (b) 5.6 mol/L phosphoric acid solution in process; (c) absolute ethanol in process; (d) deionized water at 2 s; (e) 5.6 mol/L phosphoric acid solution at 2 s; (f) absolute ethanol at 2 s. 
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Figure 6. Time sequence diagrams of bubbles floating in deionized water. 
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Figure 7. Time sequence diagrams of bubbles floating in 5.6 mol/L phosphoric acid solution. 
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Figure 8. Time sequence diagrams of bubbles floating in absolute ethanol. 
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Figure 9. Profiles and morphology of micro channels under different liquid mediums: (a,b) deionized water; (c,d) 5.6 mol/L phosphoric acid solution; (e,f) absolute ethyl alcohol. 
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Figure 10. Defects of microchannel under 5.6 mol/L phosphoric acid solution. 
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Figure 11. Maximum depths of microchannels under different liquid mediums: (a,b) deionized water; (c,d) 5.6 mol/L phosphoric acid solution; (e,f) absolute ethanol. 
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Figure 12. EDS analysis results of microchannels under different liquid mediums. 
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Table 1. Experimental results.
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No.

	
Type of Liquid Medium

	
Depth (mm)

	
Bubble Number

	
Maximum Size (μm)




	
1

	
deionized water

	
1

	
85

	
810.81




	
2

	
2

	
54

	
602.53




	
3

	
3

	
22

	
804.86




	
4

	
4

	
51

	
741.21




	
5

	
5

	
56

	
859.07




	
6

	
absolute ethanol

	
1

	
1

	
Extremely tiny




	
7

	
2

	
0

	
0




	
8

	
3

	
1

	
Extremely tiny




	
9

	
4

	
2

	
Extremely tiny




	
10

	
5

	
0

	
0




	
11

	
5.6 mol/L phosphoric acid solution

	
1

	
63

	
286.85




	
12

	
2

	
36

	
238.87




	
13

	
3

	
11

	
161.41




	
14

	
4

	
27

	
159.84




	
15

	
5

	
35

	
118.66
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Table 2. Constant process parameters.






Table 2. Constant process parameters.





	Parameters
	Value



	Scanning speed
	1 mm/s



	Pulse energy
	15.98 μJ



	Pulse frequency
	60 KHz



	Cutting times
	1
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