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The sesquioxide Lu2O3 single crystal has attracted tremendous attention as potential host material for high-power solid-state lasers. As polishing is the terminal process of conventional ultra-precision machining, the quality of polished crystal directly impacts the crucial performance indicators of optics. The high melting point of Lu2O3 single crystal makes crystal preparation difficult. Therefore, investigations on the surface/subsurface quality inspection of polished Lu2O3 single crystal are scarce. In this paper, we utilize the quasi-Brewster angle technique (qBAT) based on ellipsometry to inspect the quality of polished Lu2O3 single crystal, achieving fast, non-destructive, and high-sensitive surface/subsurface damage assessment. A systematic crystal processing scheme is designed and polished Lu2O3 crystal samples are obtained. To verify the results of qBAT, the surface and subsurface quality are tested using optical profilometer and transmission electron microscope, respectively. The consistency of the test results demonstrates the feasibility, high sensitivity, and accuracy of the qBAT. To our knowledge, this is the first time that the qBAT is applied to investigate the polished surface/subsurface quality of Lu2O3 single crystal. In conclusion, this method provides a powerful approach to the high-precision characterization of the surface/subsurface quality of Lu2O3 single crystal, and has significant potential for material property study and process optimization during ultra-precision machining.
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INTRODUCTION
Lu2O3 single crystal as sesquioxide has proven to be prospective for high-power solid-state lasers, high-energy radiation detection, and semiconductors due to its high thermal conductivity, low phonon energy, high-density scintillators, high absorption efficiency, wide band gap, and robust thermal stability [1–7]. Polishing, as the terminal process of traditional ultra-precision machining, can achieve high surface flatness and roughness, but inevitably produces surface and subsurface damage. Typical surface and subsurface damage include pits, scratches, subsurface cracks, residual stresses, dislocations, etc. [8, 9]. Surface/subsurface damage directly diminishes the strength, lifetime, coating quality, imaging quality, and laser damage threshold of optics. However, investigations on the surface/subsurface quality of polished Lu2O3 single crystals are scarce, which severely limits the design, fabrication, and application of related devices. The prerequisite for effective suppression and removal of surface and subsurface damage is high precision inspection. Therefore, the assessment of surface/subsurface damage on polished Lu2O3 has momentous theoretical research significance and practical value.
Conventional surface inspection methods, such as optical profilometer, atomic force microscope (AFM), and scanning tunneling microscope (STM), are sufficient for surface quality testing needs [10–13]. Since subsurface damage is overlapped by the sample surface, high precision assessment of subsurface damage is challenging. In addition, as ultra-precision machining moves toward atomic and close-to-atomic scale manufacturing (ACSM), subsurface damage scales approach the nano/sub-nano level and are coupled, further increasing the difficulty of detection [14]. Subsurface damage detection methods are categorized into destructive and non-destructive methods according to its destructiveness to the sample. Destructive detection methods normally employ physical or chemical approaches to remove the portion covering the subsurface damage, thereby exposing the subsurface damage directly, and then using conventional methods for defect detection. Destructive methods include transmission electron microscopy (TEM), magnetorheological finishing (MRF) polishing, chemical etching, etc. [15–18]. Although the accuracy is relatively high, they will cause irreversible and permanent damage to the sample, making it extremely restrictive in many fields. Non-destructive methods are mainly optical methods, depending on the interaction between light and matter. They have advantages such as contact free and high speed, and they include optical coherence tomography (OCT), laser scattering, X-ray diffraction (XRD), quasi-Brewster angle technique (qBAT), etc. [19–22]. Non-destructive methods have relatively low measurement accuracy and can usually only measure samples with low damage. In addition, they are susceptible to environmental interference.
Quasi-Brewster angle technique (qBAT) based on ellipsometry achieves simultaneous detection of surface and subsurface damage by measuring the phase difference curves of the sample in the vicinity of the Brewster angle. Specifically, the slope at the quasi-Brewster angle reflects the surface roughness, and the quasi-Brewster angle shift (qBAS) represents the subsurface damage. The qBAT has been utilized to investigate the surface/subsurface quality of fused silica, quartz crystal, CaF2 crystal [22, 23]. In our previous work, surface/subsurface damage of gadolinium gallium garnet (GGG) crystals at the rough and fine polishing processes was investigated using the qBAT [24]. By establishing appropriate optical models for various polishing processes, the applicability of qBAT is extended to rough polishing. Moreover, the trend of Slope falling and then rising during polishing was observed first, which was verified by the surface morphology measurement results. In summary, related studies have amply demonstrated that qBAT is a promising method for polished surface/subsurface quality assessment.
In this paper, the surface/subsurface quality of Lu2O3 single crystal at the fine polishing and chemical mechanical polishing (CMP) processes was assessed using qBAT. By designing systematic crystal processing scheme, Lu2O3 single crystals with different surface/subsurface qualities were obtained at the fine polished and CMP processes, respectively. The phase difference curves of different samples were measured near the Brewster angle employing variable angle ellipsometer. The measurement data were analyzed based on the principle of qBAT to obtain the surface/subsurface quality of the different samples. To verify the measurement results of qBAT, the surface and subsurface damage were measured using optical profilometer and TEM, respectively. The consistency of the results illustrates the validity and high sensitivity of qBAT. In conclusion, this study provides a powerful approach for polished surface/subsurface quality assessment of hard and brittle materials such as Lu2O3 single crystal and explores the potential applications of qBAT.
MATERIALS AND METHODS
Polishing Process
Lu2O3 single crystal samples were prepared by the edge-defined film-fed growth (EFG) method, and the details of the crystal preparation are given in [25]. The sample diameter is about 12 mm and the thickness is 1 mm. To obtain fine polished and CMP samples with different surface/subsurface damage, we designed a processing scheme as shown in Table 1. The processing scheme consists of two processes, lapping and polishing. Lapping is divided into rough lapping and fine lapping, and polishing is classified into rough polishing, fine polishing, and CMP. This study focuses on the fine polishing and CMP, and a total of nine samples were obtained. Five fine polished samples were polished for 20–100 min, with one piece removed from the polishing equipment at a 20-min interval. Four CMP samples were polished for 20–80 min with a 20-min interval. Note that the processing scheme is progressive from lapping to polishing. This is considered from the machining efficiency, as the material removal rate of polishing is far lower compared with lapping. Thus, the scheme guarantees a relatively fast removal of crystal defects caused by the preceding processes such as wire cutting and grinding. In addition, as ellipsometry measurements in the oblique incidence configuration are susceptible to interference from backside reflections, the samples are polished on one side and roughened on the other.
TABLE 1 | Lu2O3 single crystal processing scheme
[image: Table 1]Quasi-Brewster Angle Technique (qBAT)
The prerequisite for qBAT is to build a reasonable optical model for the damage of samples. Figure 1A, Figure 1B, and Figure 1C show the schematic diagrams of the optical models corresponding to the ideal crystal (Ideal), only surface roughness (SR), and simultaneous existence of surface roughness and subsurface damage (SSD), respectively. In this paper, it is assumed that the ideal crystal is Lu2O3 single crystal without any surface roughness and subsurface damage. The model is the reference to evaluate the effect of surface roughness and subsurface damage on the phase difference curve, which is not available in the actual fabrication. Crystal processing normally results in both surface roughness and subsurface damage. The surface quality is relatively high in the fine polishing and CMP, and the surface roughness is generally in the nanometer scale. The sample surface contains pits, scratches, and height undulations, and the subsurface damage is more complex and diverse and coupled with each other. To simplify the model, they are equated as surface roughness (SR) layer and subsurface damage (SSD) layer, respectively. In addition, there is no strict boundary between surface roughness and subsurface damage, and the boundaries in Figure 1B and Figure 1C are schematic lines. The surface roughness layer and subsurface damage layer are characterized using the effective medium approximation (EMA) model [26], as shown in
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where ε1, ε2 are the corresponding dielectric constants of medium 1 and medium 2, here are air and Lu2O3 single crystal, respectively. ε is the calculated effective dielectric constant. f1 and (1−f1) are the corresponding porosities of medium 1 and medium 2, accordingly. It should be noted that the porosities of the surface roughness layer and the subsurface damaged layer are different.
[image: Figure 1]FIGURE 1 | (A–C) are the corresponding optical models for ideal crystal (Ideal), only surface roughness (SR), and both surface roughness and subsurface damage (SSD), respectively; (D) is the corresponding simulation result.
Based on qBAT, surface roughness is evaluated by analyzing the slope of the phase difference curve at the quasi-Brewster angle (θqb); subsurface damage is assessed by the shift between θqb and the Brewster angle (θb). The θqb is defined as the angle of incidence corresponding to the phase difference equals to 90° in the optical model shown in Figure 1C. The expressions for Slope and the quasi-Brewster angle shift (qBAS) are shown in Eqs 2, 3:
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where θ and Δ are the incident angle and phase difference, respectively. f′ (θ, Δ) is the first-order derivative equation of the corresponding fitted curve of the phase difference curve. Details of the derivation of θb, θqb, and Δ are given in [24].
Figure 1D shows the simulation results of the phase difference curves near Brewster angle for the corresponding optical models in Figure 1A, Figure 1B, and Figure 1C. The wavelength is 640 nm, and the corresponding refractive indices for air and Lu2O3 single crystal are 1 and 1.9296, respectively [27]. The incident angle ranges from 62.3 to 62.8° in steps of 0.001°. The corresponding EMA models for both the surface roughness layer and the subsurface damage layer are mixtures of air and Lu2O3 single crystal with porosities of 0.5 and 0.002, respectively. The simulation experiments were done in MATLAB software. The phase difference curve corresponding to ideal crystal changes abruptly by 180° when the incident angle is θb, as shown by the black line in Figure 1D. When only surface roughness exists, the slope of the phase difference curve at Brewster angle decreases and is no longer an abrupt change. However, the Brewster angle hardly shifts, as shown in the red and green lines in Figure 1D. It is worth noting that the Slope of the green curve in Figure 1D is smaller than the Slope of the red curve in Figure 1D. It indicates that Slope represents the surface roughness, and the thicker the surface roughness layer, the smaller the Slope. When the surface roughness layer and subsurface damage layer coexist, the Slope changes and the θqb shifts, indicating that the qBAS reflects the subsurface damage, as shown by the blue and magenta lines in Figure 1D. In addition, the absolute value of the qBAS corresponding to 100 nm subsurface damage layer thickness (|θqb2−θb|) is larger than that of 50 nm (|θqb1−θb|), indicating that the more severe the subsurface damage, the larger the absolute value of qBAS. The thickness of the surface damage layer is fixed at 1 nm when varying the thickness of the subsurface damage. This is rational because the surface quality in fine polishing and CMP is high, with roughness basically in the nanometer scale. The results of related studies and the measurements of the optical profilometer in Results and Discussion verify this conclusion [28, 29]. In summary, qBAT can achieve rapid and synchronous inspection of surface roughness and subsurface damage.
RESULTS AND DISCUSSION
Surface/Subsurface Quality Measurement Based on Optical Profilometer and TEM
To obtain surface morphology and surface roughness (Sa), all samples were measured using optical profilometer (Sneox, Sensofar). Typical measurements selected from fine polishing and CMP are shown in Figure 2. The measurement area is 877.2 × 660.5 μm using ×20 objective and PSI algorithm. Many scratches exist at the start of fine polishing, and as polishing proceeds the scratches gradually decrease until they disappear, as shown in Figure 2A–C. The surface of the CMP samples is smoother and free from obvious defects such as scratches, as shown in Figure 2D–F. The surface roughness (Sa) shows decreasing trend with respect to the fine polished samples. Each sample was measured at three randomly selected locations in the center area, and the average of the three measurements was used as the final surface roughness (Sa). The final measured results of Sa of all samples are shown in Figure 5B. The overall Sa tends to decrease as polishing progresses, and the surface roughness of all CMP samples is lower than that of the fine polished samples. In addition, the error bar is relatively large, which is attributed to the surface that is already smooth and the surface roughness (Sa) is around 1 nm, when a slight sub-nanometer undulation of the surface will lead to significant deviation. The measurement area (877.2 × 660.5 μm) is a tiny fraction of the sample surface size (about 12 mm in diameter), so multiple measurements at different locations are bound to vary slightly.
[image: Figure 2]FIGURE 2 | (A–C) are typical measurements of optical profilometer for 20, 60, and 100 min samples of fine polishing, respectively; (D–F) are typical measurements of optical profilometer for 20, 60, and 80 min samples of CMP, respectively.
Transmission electron microscopy (FEI, Talos F200X, operating at 200kV) is utilized to analyze subsurface damage of samples. Owing to the weak conductivity of Lu2O3 single crystal, Au conductive layer needs to be pre-deposited on the sample surface to facilitate the TEM specimen preparation. The Pt protective layer was deposited again to prevent additional subsurface damage caused by focused ion beam (FIB) during the TEM specimen thinning process. Two typical samples with 60 min of fine polishing and 60 min of CMP were selected for cross-sectional TEM measurement, as shown in Figure 3A and Figure 3C. No apparent subsurface damages, such as subsurface cracks, deformation layers, and residual stresses, are observed in both the fine polished and the CMP samples. To further investigate the minute subsurface damage of both, high magnification TEM tests were performed on the areas in the dashed boxes in Figure 3A, C, respectively, as shown in Figure 3B, D. It can be seen that the lattice distribution is regular and uniform, and there are almost no dislocations, twins, and amorphous and other defects. In conclusion, the TEM measurement results demonstrate that there is virtually no subsurface damage in either of the two typical samples. It should be emphasized that since the TEM specimen preparation will damage the sample, the actual measurement procedure is optical non-destructive tests, including optical profilometer and ellipsometer measurements, followed by TEM.
[image: Figure 3]FIGURE 3 | (A) and (C) are the cross-sectional TEM images of the 60 min fine polished and 60 min CMP samples, respectively; (B) and (D) are the high magnification images of the positions in the dashed boxes in (A) and (C), respectively.
qBAT Measurement Results
The phase difference of all polished samples near Brewster angle was measured using variable angle ellipsometer (J.A. Woollam, RC2), and all phase difference curves are shown in Figure 4. The incident angle range is 60–66°, 0.1° as increment, and the long axis and short axis of elliptical measurement spot are about 6 and 4 mm, respectively. The phase difference measured data corresponding to the wavelength of 640 nm are selected. As with the optical profilometer test, we selected three locations in the central area of the sample for measurement, and the average of the three measurements was adopted as the final result. The solid and dotted lines are the phase difference curves of the five fine polished samples and the four CMP samples, respectively. All the phase difference curves are steep and the Slope is close to 90°, indicating that the surface roughness is small, which is in agreement with the measurement results of the optical profilometer. To observe the details in the vicinity of Brewster angle, the data in the range of 62.3–62.8° incidence angle were magnified, as shown in the inset of Figure 4. The Slope of the CMP samples is significantly larger than that of the fine polished samples, which shows that the surface roughness of the CMP samples is lower than that of the fine polished ones. Also, the preliminary judgment is that the Slope shows a rising trend with the increase of polishing time. Note that the θqb for all the fine polished and CMP samples is rarely shifted, indicating that the subsurface damage is basically unchanged.
[image: Figure 4]FIGURE 4 | Phase difference curve measurement results for all samples.
Figure 5A shows the Slope and qBAS measured results for all samples, which are calculated by fitting the phase difference curves in Figure 4. The horizontal axis is the total polishing time, and the CMP polishing time is to be added to the 100 min of fine polishing. The corresponding 3D optical profilometer surface roughness (Sa) measurement results are shown in Figure 5B. Slope tends to rise as polishing proceeds and basically remains stable at CMP process, indicating that the surface roughness tends to decrease and eventually stabilize. The results match with the optical profilometer measurements, as shown in Figures 2, 5B, and demonstrate the feasibility of qBAT to inspect the polished surface roughness. During the whole polishing process, the change of Sa is basically within 1 nm, and the trend of Slope variation can coincide with it, revealing the sub-nanometer level sensitivity of the qBAT to surface roughness. In addition, the Slope trend does not correspond precisely to the Sa measurement due to the larger measurement area of the ellipsometer, which is about 33 times larger than that of the optical profilometer. Slope measurements are more representative of surface roughness for large-size crystal and not susceptible to local surface undulations. The relatively large roughness error bar of the 100 min fine polished sample indicates that the uniformity of the surface roughness is poor. The magenta line in Figure 5A is the qBAS measured result, which remains basically stable around −0.03°, approaching the ideal value of 0°. It implies that the subsurface damage of all samples is virtually identical and subsurface damage is rare, which is consistent with the TEM measurement results, as shown in Figure 3. The feasibility of qBAT to evaluate subsurface damage is verified. When no subsurface damage exists, the theoretical value of qBAS is 0, but the actual measurement is about −0.03°. This is attributed to that qBAS is directly influenced by the refractive index of the selected Lu2O3 single crystal. The refractive index in the reference literature is inevitably deviated from the actual refractive index, which leads to shifts between the qBAS measurements and the theoretical values.
[image: Figure 5]FIGURE 5 | (A) Slope and qBAS measurement results for all samples. (B) Surface roughness Sa measurement results for all samples.
CONCLUSION
In this study, the surface and subsurface damage of fine polished and CMP Lu2O3 single crystal was investigated using the qBAT. To obtain samples with various surface/subsurface damage, a crystal processing scheme was designed. To verify the measurement results of the qBAT, the surface and subsurface quality were characterized by commercial 3D optical profilometer and TEM, respectively. The consistency of the measured results demonstrates the feasibility and high sensitivity of qBAT for evaluating surface and subsurface damage on polished Lu2O3 single crystal. Consequently, the qBAT enables fast, non-destructive, and facile inspection of polished surfaces and subsurface damage. It overcomes the intrinsic drawbacks of conventional inspection methods, which are complicated, time consuming, and costly. Rapid and simultaneous analysis of surface and subsurface damage based on Slope and qBAS measurement results provides critical guidance for the optimization of polishing processes during machining. In conclusion, this study provides an efficient approach for polished Lu2O3 surface/subsurface damage assessment and further broadens the application of qBAT.
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