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Silicon-based materials still dominate the current semiconductor industry for the foreseeable years such that it is needed in continuously developing the related advanced manufacturing technologies. For the abrasive precision lapping of single-crystal silicon wafers, the surface form accuracy is very important which can significantly improve its efficiency and reduce the cost in the following ultra-precision polishing process. In this study, a novel driving system is proposed in the single-side planetary lapping process that could realize the irrational rotation speed ratio of the lapping plate to the workpiece, and it is found from the numerical qualitative and quantitative analysis that the uniformity of the particle trajectories moving on the target surface has been significantly improved using the irrational rotation speed ratio and hence resulting in the higher surface form accuracy than that driven by the rational rotation speed ratio. Moreover, an in-house developed irrational rotation speed ratio driving system has been designed for the experimental study, and it is found that the effect of the rational and irrational rotation speed ratios on surface roughness is not significant, while all the five essential values related to the surface form accuracy are better under the rotation speed ratio of i = 1.0772… than that under the rotation speed ratio of i = 1, which demonstrates that the irrational rotation speed ratio driving system has the advantage of being able to obtain a good surface form accuracy and agrees well with the numerical simulation results.
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1 INTRODUCTION
Silicon carbide, gallium nitride, and aluminum nitride with excellent properties are considered as the third-generation semiconductor materials which will be the future of the semiconductor industry (Burk et al., 1999), but silicon-based materials, such as single-crystal silicon, still dominate the current semiconductor industry for the foreseeable years such that it is needed in continuously developing the advanced manufacturing technologies for these silicon-based materials (Niitsu and Yan, 2020; Bu et al., 2022).
Currently, the single-crystal silicon wafer is one of the commonly used materials in fabricating substrates of chips, and the surface quality of these substrates plays an important role in affecting their performance and service life (Zhao et al., 2020). Abrasive machining technologies are often used for the precision machining of high-performance parts in the information technology, aerospace engineering, and civil engineering (Hu et al., 2022; Li et al., 2022; Qi et al., 2022). For example, the abrasive flow machining technology is usually employed to fabricate and polish the micro-structures on different kinds of materials with high quality and efficiency (Cheng et al., 2022; Ji et al., 2022; Zhang et al., 2022), while the abrasive lapping technology can be used to machine the hard-brittle substrates with a good surface finish (Belkhir et al., 2009; Wen et al., 2016; Li et al., 2019). However, the distribution of the particle trajectories moving on the target surface in the abrasive lapping process could affect the surface form accuracy and hence decreasing its efficiency and increasing the cost in the following ultra-precision polishing process (Yuan et al., 2015; Fang et al., 2018).
The particle trajectories moving on the target surface in the abrasive lapping process have a great influence on the uniformity of the material removal rate and the surface form accuracy (Sanchez et al., 2011; Yang et al., 2019). Tam et al. numerically investigated the effects of four different fractal particle trajectories on the lapping uniformity, and they found that the material removal rate and the distribution of the surface texture were significantly different (Tam and Cheng, 2010). Lu et al. established a model between the material removal rate and the random distribution of abrasive particles in the lapping process and found that selecting reasonable geometric and kinematic parameters can improve the machining efficiency and surface form accuracy (Lu et al., 2014). Zhang et al. carried out the kinematic simulation of the double-side planetary lapping process, and the curves of relative displacement, velocity, and acceleration were obtained with respect to the time that can be used to optimize the rotation speed ratio of gear ring and sun gear (Zhang et al., 2015). Wen et al. proposed a method to evaluate the uniformity of particle trajectories moving on the target surface by using the number and standard deviation of trajectory points per unit area in the single-side planetary lapping process, and it was found that the influence of the processing parameters, that is, the rotation speed ratio and eccentricity, on the uniformity of the particle trajectories was essential (Wen et al., 2016). According to the aforementioned analysis, it is found that most of the research practices on the particle trajectories in the abrasive lapping process are based on the kinematic mechanisms and associated numerical simulations, but limited research has been conducted to explore the novel driving system to realize the uniformity of particle trajectories with the effective and convenient way.
In this study, a novel driving system will be proposed in the single-side planetary lapping process to realize the irrational rotation speed ratio of the lapping plate to the workpiece, and its working mechanism is then theoretically analyzed. The numerical study is also conducted to evaluate the lapping uniformity by employing this novel driving system, and finally, the experimental study is carried out to explore the surface form accuracy and verify the numerical simulation results.
2 FUNDAMENTALS OF THE IRRATIONAL DRIVING SYSTEM
2.1 Mechanism of the Driving System to Realize the Irrational Rotation Speed Ratio
The planetary moving structure is a conventional and widely used design in driving the abrasive lapping process with advantages of stability and convenience (Uhlmann et al., 2018). In this study, a planetary gear train using a pair of bevel gears with oblique engagement and planetary motion is designed to achieve the irrational ratio of output to input. The novel driving system to realize the irrational rotation speed ratio is the in-house developed driving system in Figure 1, which includes two bevel gears with a tooth number of 30 and planetary carrier with Σ = 60°, as shown in Figures 1Bi,ii. Because the shaft of the two bevel gears is not parallel to each other, it is necessary to calculate the rotation speed of the bevel gear 2, ω2, by analyzing the angular velocity polygon given in Figure 1Bii, where δ can be taken from the following equation:
[image: image]
[image: Figure 1]FIGURE 1 | (A)Single-side planetary lapping machine with an irrational rotation speed ratio of the lapping plate to workpiece, (Bi) novel driving system design with planetary gear train and (Bii) its working mechanism; (Ci) single-side planetary lapping device and (Cii) its working mechanism.
It can also be seen from Figure 1Bii that in Δabc there are ba//OOH, ac//OO2, and bc//OP; thus, the relation between the input rotation speed, ωH, and the rotation speed of the bevel gear 2, ω2, can be obtained from the following equation:
[image: image]
By substituting Σ and δ into Eq. 2, the ratio of ω2 to ωH can be calculated as follows:
[image: image]
Therefore, the novel driving system designed in this study can be used to realize the irrational rotation speed ratio output, ω2, with respect to the input rotation speed, ωH.
2.2 Uniformity Evaluation of Particle Trajectories on Target
In order to evaluate the lapping uniformity of the irrational rotation speed ratio driving system, the trajectory of any point P (rp, θp) fixed on the lapping plate moving along the target surface can be calculated according to the kinematics in Figure 1Cii which is given as follows:
[image: image]
Eq. 4 indicates that particle trajectories on the target surface are related to the rotation speed of the lapping plate, wp and the workpiece, ww, and the eccentric distance between O1 and O2, e. Thus, considering the experiment later in this study, the processing parameters in MATLAB are given in Table 1 to numerically investigate the distribution of particle trajectories on the target surface.
TABLE 1 | Processing parameters in simulation.
[image: Table 1]As shown in Figure 2, 100 abrasive particles are randomly distributed on the lapping plate with a diameter of 610 mm, and their trajectories moving on the target surface have been numerically analyzed by considering the rational and irrational rotation speed ratios of the lapping plate to the workpiece, i, of 1:2 and [image: image], respectively, and the simulation results are shown in Figures 3, 4.
[image: Figure 2]FIGURE 2 | Random distribution of abrasive particles on the lapping plate.
[image: Figure 3]FIGURE 3 | Distribution of particle trajectories on the target surface under i = 1:2. (A) [image: image]. (B) [image: image]. (C) [image: image]. (D) [image: image]
[image: Figure 4]FIGURE 4 | Distribution of particle trajectories on the target surface under [image: image] (A) [image: image]. (B) [image: image]. (C) [image: image]. (D) [image: image]
It can be found from Figure 3 that there is almost no variation in the distribution of particle trajectories on the target surface when the lapping time is from 6 to 24 s, which indicates that the particle trajectories generated by the rational rotation speed ratio, i = 1:2, should be periodically superposed with the increase in the lapping time. In contrast, it is noted from Figure 4 that with an increase in the lapping time, the coverage of particle trajectories on the target surface increases as well by employing the irrational rotation ratio, [image: image], which demonstrates that the particle trajectories would cover the whole target surface by further increasing the lapping time because of the non-periodic characteristics. Thus, by comparing Figures 3, 4, it can be found that the uniformity of the particle trajectories on the target surface has been significantly improved using the irrational rotation speed ratio and hence resulting in the higher surface form accuracy than that driven by the rational rotation speed ratio.
Furthermore, the uniformity of particle trajectories on the target surface has also been quantitatively evaluated by considering the additional i of 1:1, 1:3, 2:3, 2:1, 3:1, [image: image], [image: image], [image: image], [image: image], and [image: image], respectively, according to the following steps. First, all the positions of the trajectories on the target surface as similar to Figure 4 can be numerically obtained. Then, the target surface is divided into Cartesian grids with small and same squares, and the number of trajectories passing over each square can be calculated with the standard deviation. Thus, by comparing the values of the coefficient of variance (CV) obtained according to the aforementioned analysis and calculation under different values of i, the quantitative evaluation on the uniformity of particle trajectories on the target surface can be concluded from Figure 5. It is found that under the rational rotation speed ratios, the values of CV converge quickly and tend to be constant after the certain lapping time, and the overall values of CV are large and different from each other under the rational rotation speed ratios. It indicates that within a certain range of the lapping time, the uniformity of the particle trajectories on the target surface can be improved, but with the further increase in the lapping time, the variation of the uniformity seems to be insignificant. In contrast, it is interesting to note that under the irrational rotation speed ratios, all the values of CV present the decreasing function of the lapping time, and the values of CV under different rational rotation speed ratios are close to each other. It demonstrates that with an increase of the lapping time, the uniformity of particle trajectories on the target surface is increasingly improved, and hence, the advantage of realizing the uniform particle trajectories on the target surface using the irrational rotation speed ratio in the lapping process can be quantitatively analyzed.
[image: Figure 5]FIGURE 5 | Comparison of CV under different values of i.
3 EXPERIMENTS
3.1 Experimental Work
An in-house developed driving system based on the design in Section 2.1 has been designed to realize the irrational rotation speed ratio, and it is fixed in the YR610X single-side planetary lapping machine with the lapping plate diameter of 610 mm and the maximum lapping rotation speed of 300 r/min, as shown in Figure 6, where the traditional driving system to realize the rational rotation speed is also fixed in this machine to have a comparison in terms of surface form accuracy under the same processing parameters except the rotation speed ratio. Moreover, the single-crystal silicon wafer was selected as the workpiece with a diameter of 100 mm and thickness of 0.55 mm, and the processing parameters used in the experiment are given in Table 2. The workpiece was first roughly lapped using a P600 sandpaper (average diameter of 26 μm) for 10 min, and then, Al2O3 slurries with a concentration of 20% by mass and sizes of W14 (10–14 μm), W7 (5–7 μm), W3.5 (3–3.5 μm), W1.5 (1–1.5 μm), and W1 (0.5–1 μm) were used to conduct the precise lapping of the workpiece for 20, 20, 20, 10, and 10 min, respectively. After each test, the workpiece was measured with the assistance of the surface roughness measuring instrument Form Talysurf i60 and the wafer surface flatness measuring instrument ADE7200, and the values of total thickness variation (TTV), total indicated reading (TIR), site total indicated reading (STIR), curvature of the wafer (BOW), and warping deformation of the wafer (WARP) were obtained to evaluate the surface form accuracy.
[image: Figure 6]FIGURE 6 | Experimental setup.
TABLE 2 | Processing parameters in the experiment.
[image: Table 2]3.2 Evaluation on the Surface Form Accuracy
The overall surface morphology of the single-crystal silicon wafer after the abrasive lapping process is shown in Figure 7. By the qualitative comparison of surface morphology under the rotation speed ratios of i = 1 and i = 1.0772…, it is found from the resolution of the reflecting words on the target surface that there is no evident difference between i = 1 and i = 1.0772…, and a quantitative analysis on the average surface roughness by measuring 10 different positions on the target surface with respect to i = 1 and i = 1.0772… can be obtained using the surface roughness measuring instrument Form Talysurf i60, which are 11.2 and 7.62 nm, respectively. Thus, it can be deduced that the effect of the rational and irrational rotation speed ratios on the surface roughness is not significant, but its effect on the surface form accuracy that is related to the distribution of particle trajectories on the target surface still needs to be explored.
[image: Figure 7]FIGURE 7 | Comparison of surface morphology under different rotation speed ratios. (A) i=1 (B) i=1.0772…
Figure 8 shows the values of partial surface flatness, STIR, in the area of 15 mm × 15 mm under the rotation speed ratios of i = 1 and i = 1.0772…, respectively. It can be seen from Figure 7A that the maximum value of STIR is 9.02 μm under the rotation speed ratio of i = 1, while under the rotation speed ratio of i = 1.0772… the maximum value of STIR significantly reduces to be about 2.49 μm (Figure 8B), and its distribution on the target surface is more uniform than that with the rotation speed ratio of i = 1, which is well agreed with the simulation results, as discussed in Section 2.2.
[image: Figure 8]FIGURE 8 | Distribution of partial surface flatness on the target surface under different rotation speed ratios. (A) i=1 (B) i=1.0772…
Furthermore, five essential values of TTV, TIR, STIR, BOW, and WARP, which are usually employed to evaluate the surface form accuracy (Satake et al., 2020) on the whole target surface are given in Table 3 under different conditions. In general, all the five essential values are better under the rotation speed ratio of i = 1.0772… than those under the rotation speed ratio of i = 1, which demonstrates that the irrational rotation speed of the ratio driving system has the advantage of being able to obtain a good surface form accuracy. It is also noticed that the variations of BOW and WARP are limited as compared between the original target surface and the lapping target surface, but the other values of TTV, TIR, and STIR present the significant change after the lapping process. Therefore, the surface form accuracy has been significantly improved by using the irrational rotation speed ratio realized by the novel driving system design in this study.
TABLE 3 | Comparisons of surface form accuracy under different conditions.
[image: Table 3]4 CONCLUSION
Single-crystal silicon wafer is one of the commonly used materials in fabricating substrates of chips, and the surface quality of these substrates plays an important role in affecting their performance and service life. Thus, in this study, a novel driving system has been proposed to improve the uniformity of the particle trajectories moving on the target surface in the single-side planetary lapping process, and the main contributions are concluded as follows:
1) A novel driving system that consists of two bevel gears and a planetary carrier has been designed to realize the irrational rotation speed ratio, and its working mechanism has also been theoretically analyzed in detail.
2) It is found from numerically qualitative and quantitative studies that the particle trajectories generated by the rational rotation speed ratio are periodically superposed with the increase in the lapping time. In contrast, by employing the irrational rotation speed ratio, the particle trajectories would cover the whole target surface with the further increase in the lapping time because of the non-periodic characteristics. It indicates that the uniformity of the particle trajectories on the target surface can be significantly improved using the irrational rotation speed ratio and hence resulting in the higher surface form accuracy as well.
3) An in-house developed irrational rotation speed ratio driving system has been designed for the experimental study. It is found that the effect of the rational and irrational rotation speed ratios on the surface roughness is not significant, but all the five essential values related to the surface form accuracy are better under the rotation speed ratio than those under the rotation speed ratio, which demonstrates that the irrational rotation speed ratio driving system has the advantage of being able to obtain a good surface form accuracy and agrees well with the numerical simulation results.
Therefore, the novel driving system designed in this study to realize the irrational rotation speed ratio would provide good reference for the development of the abrasive lapping technology.
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