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Subsurface damage of 4H-silicon carbide (SiC) wafers, which is detrimental to the performance and lifetime of SiC-based photoelectric devices, is easily induced during surface machining process due to their particular mechanical and physical properties. A nondestructive and effective characterization technique is essential for high quality products in the wafer manufacturing process. A method based on the Mueller Matrix Spectroscopic Ellipsometry (MMSE) is proposed to detect the nanoscale subsurface damage of 4H-SiC wafers induced by grinding and polishing. The Mueller matrix elements which are sensitive to the damage information have been identified through both simulation and experiment. The damage layer and its roughness are considered in optical modeling at different processing stages. The results show that both the surface texture and the damage layer contribute to the Mueller matrix values. The fitting thickness of the damage layer is consistent with the value from transmission electron microscope (TEM); the refractive index of the damage layer matches the surface elements analysis result from X-ray photoelectron spectroscopy (XPS). The results suggest that the MMSE-based method could offer a promising nondestructive method to detect global wafer subsurface damage and its evolution during grinding and polishing, which eventually could benefit process optimization in the whole wafer manufacturing process.
Keywords: Mueller matrix spectroscopic ellipsometry, subsurface damage, silicon carbide (SiC), nondestructive characterization, grinding, chemical mechanical polishing (CMP)
1 INTRODUCTION
4H-silicon carbide (SiC) is considered as one of the most promising third-generation semiconductor materials with applications in many cutting-edge fields, such as semiconductor electronics, optics, and graphene growth [1, 2]. The state-of-the-art SiC device structures are currently grown on the 4H-SiC off-axis cut wafers, which can stop the propagation of threading defects in epilayers [3]. Comparing to C-face, Si-face is more useful for epitaxial film growth [4]. Conductive SiC (n-type doped) substrates are used for homoepitaxial device structures such as Schottky diodes [2] and MOSFETS [5]. The premise of those applications is the availability of affordable, high quality, large diameter SiC substrates. However, SiC is a typical difficult-to-machine material due to its high hardness and strong chemical inertness. The subsurface damage (SSD) is easily caused during substrate processing [6], which will impair the mechanical, electronic, and optical properties of materials [7]. For this reason, the characterization of subsurface damage is conducive to advanced applications.
The processing flow of SiC substrate mainly includes rough grinding, fine grinding, and chemical mechanical polishing (CMP) [7, 8]. Usually, rough grinding will leave large surface texture and a mass of subsurface damage. Although those damages can be gradually removed by subsequent fine grinding and CMP, it is time-consuming. Therefore, monitoring the depth of damage will provide a useful index for the quality control of SiC wafer production chain and the processing technology optimization, especially for wafers with large diameters, which is a trend with the development of material growth. A nondestructive and precise method for measuring the thickness of the SSD layer is indispensable.
Several destructive and nondestructive methods have been used to detect the SSD [9–11]. The destructive methods, for example, cross-sectional microscopy, taper polishing, chemical etching, magnetorheological finishing (MRF) polishing, the inductivity coupled plasma method [12], and TEM microscopy can measure different damage depths from slicing to CMP. These destructive methods are time-consuming and reduce production efficiency and increase cost. The nondestructive methods include micro-Raman spectroscopy, optical coherent tomography, photoluminescence, and laser scattering method. However, their detection accuracy or efficiency is limited, or inappropriate for accurately measuring the thickness of the very thin damage layer.
As a nondestructive strategy, the Mueller Matrix Spectroscopic Ellipsometry (MMSE) is commonly used to measure the thickness and refractive index of thin films and crystal with excellent accuracy [13, 14]. Previously reported refractive ellipsometric characterizations in SiC wafers have been done [17] but were limited in single-sided polished wafer without backside reflection [15] or treated the damage layer as an SiO2 film [16]. Our group [17] took double-sided polished n-type 6H-SiC wafer with backside reflection and the damage layer into account based on partial-wave coherence theory. However, effectively assessing the damage layer in the rough stage of grinding or polishing was excluded. Meanwhile, the fitting process was complex and time-consuming. Yao et al. [18] proposed a quasi-Brewster angle technology to quickly evaluate the polishing quality covering rough- and fine-polishing stages using a variable angle ellipsometer, but the thickness of the damage layer was not obtainable. Therefore, quantitative and accurate measurement of the damage layer is essential in different processing stages (rough grinding, fine grinding, and CMP). There are three key issues that need to be addressed. First, the optical constants of SiC must be known well [19]. Second, the sensitivity of the Mueller matrix to the damage layer and surface texture needs to be investigated. Third, the ability of MMSE to characterize the damage layer during the process of rough grinding, fine grinding, and CMP needs to be verified.
In this paper, the damage layers induced by rough grinding, fine grinding, and CMP 4H-SiC off-axis cut wafers are characterized by MMSE. The subsurface quality in the wafer processing is visualized. The paper is arranged as follows: In Section 1, the background is introduced. In Section 2, the samples and experimental instruments are presented. In Section 3.1, a method to extract optical constants of uniaxial 4H-SiC crystal is given. In Section 3.2, optical stack models are established according to the damage characteristics. In Section 3.3, the Mueller matrix sensitivity for the damage layer is simulated and verified by experiment. In addition, Mueller matrix sensitivity for the direction of surface texture is investigated. In Section 4, the accurate optical constants of 4H-SiC crystal are illustrated. The thicknesses and refractive indices of damage layers are analyzed and compared with those given by TEM and XPS.
2 SAMPLES AND EXPERIMENTAL INSTRUMENTS
4H-SiC single crystal wafers (n-type doped, off-axis cut toward <1120>, 4 inch) after double-sided rough grinding, double-sided fine grinding, and double-sided CMP were selected for research. The Mueller matrix of wafers was measured in transmission and reflection modes with a dual-rotation compensator Muller matrix ellipsometer (DRMME, Wuhan Eoptics Technology Co., China) [20, 21]. Measurements were done in the spectral range of 250 nm (4.96 eV) to 1400 nm (0.89 eV). The short axis diameter of the incident beam spot is 3 mm.
The Si-face surface morphology of 4H-SiC wafers was measured by Atomic Force Microscope (AFM) (Alpha300 RA, WITec, Germany) and 3D optical surface profiler (Newview 7300, ZYGO, United States). The surface roughness of rough grinding, fine grinding, and CMP 4H-SiC wafers were obtained by 3D optical surface profiler, and they were 13.26 nm, 0.78 nm, and 0.32 nm, respectively.
The measurements of optical Absorbance (A), Transmittance (T), and specular Reflectance (R) were done with a UV-Vis-NIR spectrophotometer (Perkin Elmer, lambda-1050). Absorbance spectra were used to obtain the bandgap of 4H-SiC. Transmittance and reflectance spectra were used to calculate the ordinary extinction coefficient of wafers.
The XPS analysis has been performed using the spectrometer (Thermo Fisher Scientific, K-alpha+) with AlK [image: image] X-ray radiation (hv = 1,486.68 eV) to detect the composition on the Si-face of 4H-SiC wafers. All XPS binding energies were calibrated to the C 1s peak at 284.8 eV. The wafers were first cleaned by liquid cleaner and deionized water, and then dried off by air spray gun for measurements. All the above measurements were performed at room temperature.
3 ELLIPSOMETRIC CHARACTERIZATION THEORY
3.1 Optical Constants of 4H-SiC
Complex optical constants [image: image] of n-type doped 4H-SiC substrate are the basis for establishing the optical stack model. Nitrogen impurity introduces weak absorption below the bandgap of 4H-SiC crystal, where anisotropy absorption is observed [22]. Thus, the 4H-SiC uniaxial crystal has two linear horizontal anisotropy, namely linear birefringence [image: image] and linear dichroism [image: image] [13].
The optical anisotropy of uniaxial 4H-SiC wafer is obtained by analyzing the transmission Mueller matrix (MM), as shown in Figure 1A. The [image: image] Mueller matrix (M) can be inverted to obtain physical parameters (L) in an optical system by using the differential matrix decomposition (Eq. 1) [23]. As the considered uniaxial SiC crystal, only two polarization properties were non-vanishing, namely, LB, which describes the phase retardation between x and y polarizations and related to M43 element (M34 = -M43), and LD, which describes the diattenuation between x and y polarizations and related to M12 element (M12 = M21).
[image: image]
[image: Figure 1]FIGURE 1 | (A) The transmission Mueller matrix measurement of off-axis cut uniaxial 4H-SiC wafer. The linear birefringence and linear dichroism can be analyzed. (B) The reflective Mueller matrix measurement of processed 4H-SiC wafer with the damage layer. The refractive index and thickness of the damage layer and the surface structure anisotropy of the rough grinding wafers can be analyzed.
Based on the measured complex retardance [image: image], a closed-form expression for determination of the linear birefringence and linear dichroism of uniaxial crystal was derived in our previous work (Eq. 2) [14].
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[image: image] is the redefined complex retardance,
[image: image]
In general, the equation gives the algebraic relation between complex optical anisotropy [image: image] and measured complex retardance [image: image]. [image: image] is the off-axis cut angle, [image: image] is the refractive index for the polarization component perpendicular to the incidence plane, and d is the thickness of the wafer.
Moreover, the ordinary extinction coefficient [image: image] of 4H-SiC crystal is calculated from R and T spectra by using the following equation:
[image: image]
[image: image]
where d is the thickness of the wafer along the direction of light propagation. The thickness of the CMP wafer is obtained by digital micrometer with a value of 356.51 ± 0.44 [image: image]. The extraordinary extinction coefficient [image: image] is calculated by the known ordinary extinction coefficient [image: image] and linear dichroism [image: image]. In addition, the extraordinary refractive index [image: image] is calculated by using the ordinary refractive index [image: image] from [24].
Theoretically, each dielectric tensor is rotated from its standard setting to the measurement coordinate system to obtain the objective results. The laboratory coordinate system is defined in Figure 1, and an orthogonal transformation is given by:
[image: image]
where A [image: image] is Euler transformation matrix. [image: image] has no effect on the uniaxial crystal, β is the angle between the z-axis and the optic axis of the crystal, corresponding to the off-axis cut angle; γ is the angle between the y axis and the projection of the optic axis in x-y plane, and the value is [image: image] when the optical axis is parallel to the incident plane. [image: image] and [image: image] are dielectric functions for light polarized perpendicular and parallel to the optic axis, respectively.
It is hard to ensure the optic axis is completely parallel to the incident plane in the DRMME experiment. Therefore, it is necessary to evaluate the error of the Mueller matrix caused by Euler angles. The formula is defined by:
[image: image]
where [image: image] represents the Euler angle [image: image] or [image: image]. In [image: image], the subscript [image: image] indicates wavelength point, m and n are the indices of the Mueller matrix (MM) elements. When [image: image] is set as 1°, the [image: image] is 0.93 mainly reflected in the off-diagonal MM elements, and the effect on M12/M21 and M34/M43 can be ignored. However, the [image: image] is 2.05 when [image: image] is 0.1°. It means the off-axis cut angle greatly affects the calculation error. In this study, the [image: image] = 3.95° is measured by X-ray crystal orientation instrument with accuracy better than 0.001° for CMP wafer. Therefore, even if there is a shift of [image: image], the measurement is considered reliable.
3.2 Optical Stack Model
In MMSE reflection measurement, an appropriate optical stack model is acquired to obtain the accurate parameters of thin layers. The refractive index, thickness of the damage layer and surface structure anisotropy of the wafers can be analyzed, as shown in Figure 1B.
According to the processing mechanism of brittle materials [25], the surface and subsurface damage of SiC wafers corresponding to rough grinding, fine grinding, and CMP are different. Figure 2 shows the AFM images that visible scratches and pits damage left on the rough grinding wafer (Figure 2A), scratches left on the fine grinding wafer (Figure 2B), and those are absent from the CMP wafer (Figure 2C).
[image: Figure 2]FIGURE 2 | The AFM images of (A) rough grinding, (B) fine grinding, and (C) CMP 4H-SiC wafers.
Besides that, invisible subsurface damage (SSD) is formed above the pure substrate [26], as shown in Figure 3. The SSD caused by grinding most contains cracks, phase transformation, an amorphous layer, residual stress, and other types of damage. After CMP, the SSD mostly only contains an amorphous layer. We simplified the model because the SSD on the backside of the wafer is basically the same as that on the surface.
[image: Figure 3]FIGURE 3 | Schematic diagrams of (A) rough grinding, (B) fine grinding, and (C) CMP surface/subsurface cross-section of 4H-SiC wafers.
From Figure 3A, rough surface, amorphous layer, nonideality boundary (between the damaged zone and pure substrate), and roughed backside are characteristics of the rough grinding wafer surface from top to bottom. These peculiarities are considered for ellipsometric analysis using roughness layer, damage layer, interface layer, and semi-infinite SiC substrate. For fine grinding wafers (Figure 3B), there are surface scratches and nonideality damage layer, which are modeled as three layers: roughness layer/damage layer/SiC substrate. CMP wafer with the sub-nanometer roughness is regarded as a specular surface judged by Rayleigh criterion [27]. Therefore, the roughness is omitted and the CMP wafer (Figure 3C) is modeled as two layers: damage layer/SiC substrate.
For each optical stack model, the optical constants of 4H-SiC are set as known from the calculation in Section 4.1. The interface layer is modeled by the Bruggeman Effective Medium Approximation (B-EMA), which consists of 50% pure substrate and 50% damage layer. The Cauchy dispersion relation is used to model the damage layer given by:
[image: image]
where A and B are fitting Cauchy parameters and λ is the wavelength in micrometers. The roughness layer is modeled by a B-EMA layer formed by 50% bulk material and 50% air.
3.3 The Sensitivity of the Mueller Matrix
Different from the traditional thin film analysis, the sensitivity of ultra-thin damage layer needs to be considered in optical modeling for fine grinding and CMP samples with backside reflection. Besides that, the effect of surface texture caused by rough grinding on the Mueller matrix needs to be considered.
First, to figure out the role of surface (Si-face), back (C-face) damage layer, and the backside reflection in the Mueller matrix, the following simulation is executed in Figure 4A. Using partial coherence wave [28] and fully coherence wave theory, four models are used to explore the response of the Mueller matrix elements to the ultra-thin layer on the Si-face and the C-face of the 4H-SiC substrate. A known SiO2 layer is used as the material of ultra-thin film. Model 1, 350 μm 4H-SiC thick layer with backside reflection. Model 2, 2 nm SiO2 layer on Si-face of 4H-SiC thick layer with backside reflection. Model 3, 2 and 5 nm SiO2 layers on Si-face and C-face of the 4H-SiC thick layer with backside reflection. Model 4, 2 nm SiO2 layers on the Si-face of the 4H-SiC semi-infinite substrate without backside reflection. The angle of incidence is 65° and the Euler angle [image: image] is 4°, [image: image] is 45°.
[image: Figure 4]FIGURE 4 | The simulation of the Mueller matrix. (A) Model 1, 350 μm 4H-SiC thick layer with backside reflection. Model 2, 2 nm SiO2 layer on the Si-face of the 4H-SiC thick layer with backside reflection. Model 3, 2 and 5 nm SiO2 layers on the Si-face and the C-face of the 4H-SiC thick layer with backside reflection. Model 4, 2 nm SiO2 layers on the Si-face of the 4H-SiC semi-infinite substrate without backside reflection. The angle of incidence is 65° and the Euler angle γ is 45°, [image: image] is 4°. (B) Measured and fitted M34 elements of the backside polished and roughed wafer by using the same semi-infinite substrate model.
From the simulation results, the diagonal element M34 has the highest sensitivity to small changes of the ultra-thin layer compared to other elements. The difference between Model 1 and Model 2 indicates that M34 is only sensitive to the thin layer. The difference between Model 2 and Model 3 indicates that the thin layer on the C-face of the substrate has almost no effect on the values of the Muller matrix. The difference between Model 2 and Model 4 indicates that the fluctuation of MM spectra is related to the backside reflection of substrate. Moreover, the “position balance” of M34 spectra of substrate with backside reflection is the same with that of substrate without backside reflection. Therefore, we can omit the backside reflection when only considering the fitting result of the M34 element.
Furthermore, the backside of the CMP wafer is roughed for experimental comparison. We simplify the optical model to fit the thickness of the damage layer by applying the fully coherence theory to CMP SiC wafer with and without backside reflection. Figure 4B shows the measured and fitted M34 element of backside polished and roughed wafer. The oscillation in the experimental data of polished ones comes from the backside reflection. Fitting the polished sample using the fully coherence theory is equivalent to using a semi-infinite substrate model and ignoring the effect of the backside reflection. The thickness results of damage layers obtained by fitting the MM data from the same point before and after roughening are 2.4 ± 0.2 nm and 2.5 ± 0.2 nm, respectively. In addition, we obtained the same fitting M34 curve at the same point before and after roughening (Figure 4B). The fitting results further confirm that the backside reflection of the substrate can be ignored when only the thickness of the damage layer is fitted.
Next, to appropriately describe the influence of the surface texture of rough grinding 4H-SiC wafers on the MM spectra, the MM elements are plotted in polar coordinates with wavelength and rotation angle as radial and angular coordinate, respectively. The reflection MM data is measured at 17 Euler rotation angles ([image: image] from 0° to 360° in steps of 22.5°) with the incident angle of [image: image].
For demonstration, one point of rough grinding wafer is selected. Figure 5A shows the surface morphology measured by a 3D optical surface profiler and its initial texture direction is parallel to the plane of incidence. Figure 5B shows the schematic diagram of reflection ellipsometry measurement. The measured 4 [image: image] 4 Mueller matrix is shown in the Supplementary Material. Theoretically, the anisotropy of the sample is reflected in the non-diagonal elements of the Muller matrix. The difference is that for a rough grinding wafer with surface texture, the 2 × 2 diagonal elements of the Muller matrix at the bottom right corner also have directionality. Specifically, two off-diagonal matrix block elements have the following relationship: M13 = −M31, M23 = −M32, M14 = M41, M24 = M42. Moreover, M13 and M23 are symmetrical about the line formed by 90° and 270° or the line formed by 0° and 180°. The M14 and M24 elements have the same relationship. For diagonal elements we mainly focus on M34/M43 (M34 = −M43). Therefore, we only show the nonzero off-diagonal elements M13, M14 and diagonal element M34 in Figures 5C–E, which can reflect the surface structure anisotropy of rough grinding 4H-SiC wafer.
[image: Figure 5]FIGURE 5 | (A) The surface morphology of the rough grinding wafer and its initial texture direction parallel to the plane of incidence where the direction of rotation angle is anticlockwise. (B) The schematic diagram of reflection ellipsometry measurement. (C–E) are the experimental MMSE data of individual M13, M14, and M34 elements from 0 to 360° rotation angles in 65° incident angle, respectively. MM intensities are plotted in polar coordinates with wavelength and rotation angle as radial and angular coordinate.
The measurement data indicate that the off-diagonal elements depend on rotation angles and the Mueller matrix has a high sensitivity to structure anisotropy. It can be observed that the off-diagonal elements are zero at 0°, 90°, 180°, and 270° rotation angles. The maximum and minimum values of M13 and M14 spectra are located at 135°, 315° and 45°, 225° rotation angles, respectively. Therefore, off-diagonal Mueller matrix elements can be set as an indicator to judge the direction of the surface rough texture [29]. The result of diagonal element M34 shows that the maximum and minimum values are located at rotation angles of 90° and 0°, respectively. It indicates that when the texture direction of roughness is perpendicular to the incident plane, there are more prominent responses from the Mueller matrix. In this view, the roughness does not appear as an intrinsic characteristic of the surface, which depends on the wavelength and on the direction of propagation of the incident wave.
4 RESULTS AND ANALYSIS
4.1 Transmission Spectra Analysis
The bandgap of 4H-SiC calculated by Tauc-plot is about 3.3 eV, as shown in Figure 6A. Figure 6B shows the R and T spectra of 4H-SiC CMP wafer in wavelength range from 220 to 2000 nm. Ordinary extinction coefficient (ko) is first calculated using Equation 5, as shown in Figure 6F. Then, combined with Mueller matrix differential calculus, the linear birefringence [image: image] and dichroism [image: image] of 4H-SiC are extracted as shown in Figures 6C,D. At last, the refractive index (no and ne) and extinction coefficients (ko and ke) of 4H-SiC are completely solved as shown in Figures 6E,F.
[image: Figure 6]FIGURE 6 | Transmission measurement of CMP 4H-SiC wafer with off-axis cut angle. (A) Absorption spectra and Tauc-plot, the bandgap 3.3 eV is calculated. (B) Reflectance and transmittance spectra. (C) Birefringence. (D) Dichroism. (E) Refractive indices (no and ne) and (F) extinction coefficients (ko and ke) of 4H-SiC crystal.
4.2 Reflection Mueller Matrix Analysis
Figures 7A–C show the schematic diagrams of multilayer optical models corresponding to the cross-section characteristics of 4H-SiC wafers after three machining stages. From the simulation results in Section 3.3, the fully coherence wave theory can be used on wafers with and without back reflection, and the value of M34 element can be used as an indicator of the damage layer. Therefore, only the fitted M34 elements are compared with the experimental data of three processed wafers, as shown in Figures 7D–F. The smooth curve of measured M34 in Figure 7D indicates backside reflection is absent from the rough grinding wafer. The fluctuating curves of measured M34 in Figures 7E,F are affected by backside reflection, and their amplitude is related to the absorption of samples. The fluctuations decrease in three higher extinction coefficient ranges, corresponding to 430–480 nm (ke), 520–650 nm (ke), and 1100 nm–1400 nm (ko and ke) (Figure 6F).
[image: Figure 7]FIGURE 7 | (A–C) are the schematic diagrams of optical stack models. (D–F) are fitting results of M34. (G–I) are the typical TEM images of rough grinding, fine grinding, and CMP 4H-SiC wafers.
The thicknesses of the roughness layer of rough grinding and fine grinding wafers are initialed by 3D optical surface profiler results, while no roughness layer is set for the CMP wafer. Based on the prior knowledge [17], the Cauchy parameters of the damage layer are initialed as follows: A is 2, B is 0.05 μm2, and the initial thicknesses of damage layers are set to 50 nm, 4 and 2 nm for rough grinding, fine grinding, and CMP wafers according to their processing techniques, respectively.
By fitting the MMSE data, the damage layer thicknesses of rough grinding, fine grinding, and CMP wafers are obtained as 53.7 [image: image] 0.9 nm, 4.6 [image: image] 0.6 nm, and 2.4 [image: image] 0.2 nm, respectively. Besides that, the interface layer under the damage layer of the rough grinding wafer is obtained as 49.2 [image: image] 0.6 nm, which reflects the nonideality of the damage-substrate boundary, residual stress, and other damage types. To verify the reflection Muller matrix analysis method, TEM experiments are carried out. The damage layers are 47.8, 4.35 nm (average of 3.6 and 5.1 nm), and 2.6 nm thick for rough grinding, fine grinding, and CMP 4H-SiC wafers, as shown in Figures 7G–I. They have a close agreement with those values obtained by MMSE. Because of the inhomogeneity of the surface, the results of different positions on wafers show some difference, especially for the rough grinding wafer. Three positions of each sample are measured by TEM for comparison. Their average thickness value and standard deviation of damage layers are 47.7 [image: image] 8.9 nm, 4.5 [image: image] 0.7 nm, and 2.6 [image: image] 0.1 nm, respectively. It can be seen that the rough surface shows larger damage inhomogeneity than the other two.
The rough grinding also left an interface inhomogeneity (about 48.7 nm thick in one position) under the damage layer, as shown in Figure 7G. The average thickness is about 53.7 [image: image] 7.5 nm of three positions, which is also close to that result of MMSE. In this view, although these damages are very inhomogeneously distributed in different areas, the interface layer analyzed by MMSE can reflect them to a certain extent. The experiment shows that MMSE can analyze the damage layers of grinding and polishing wafers in a nondestructive way.
Moreover, the refractive indices of the damage layers after three machining stages are compared with that of 4H-SiC crystal, as shown in Figure 8. The refractive indices of all damage layers are smaller than those of the SiC crystal, which means the destruction of the silicon carbide structure and the introduction of other atoms, such as oxygen. The higher refractive index of the rough grinding wafer than those of the fine grinding and CMP wafers can be explained by incomplete amorphization of the damaged zone (Figure 7). The higher refractive index of the CMP wafer than that of the fine grinding wafer can be explained by different atomic ratios of elements in XPS analysis (Section 4.3).
[image: Figure 8]FIGURE 8 | The refractive index of the damage layer of three processed wafers compared with that of 4H-SiC crystal.
In general, with further processing, the thickness of the damage layer gradually decreases and the quality of the wafer after CMP has been significantly improved. It should be noted that the thickness of the damage layer determined from the MMSE analysis represents an averaged value across the probed area with 3 mm diameter.
4.3 XPS Analysis of Processed Surfaces
The Si-face surface of three processed SiC wafers is shown by XPS full spectra, which mainly is composed of silicon (Si), carbon (C), and oxygen (O). The atomic ratios of Si, C, and O elements on the surface of rough grinding, fine grinding, and CMP 4H-SiC wafer are listed in Table 1. It can be clearly seen that the content of the C atom in the CMP wafer is greater than that of grinding wafers, while the content of the O atom is less than that of grinding wafers. This is maybe the reason why the refractive index of the damage layer of the CMP wafer is greater than that of the fine grinding wafer.
TABLE 1 | The atomic ratio of Si, C, and O elements at the surface of rough grinding, fine grinding, and CMP 4H-SiC wafer.
[image: Table 1]By using Avantage software, the Shirley model is selected as the background type and Gauss–Lorentz mixture function is used to fit each XPS spectra. Figure 9 illustrates the fitting spectra of the narrow Si 2p band of SiC wafers. Figures 9A,B show there are three main peaks due to the Si-C peak, and two silicon oxycarbides on the surface of rough grinding and fine grinding wafers. Figure 9C illustrates only the Si-C peak and one silicon oxycarbide component on the surface of the CMP wafer.
[image: Figure 9]FIGURE 9 | Si 2p XPS spectra of (A) rough grinding, (B) fine grinding, and (C) CMP 4H-SiC wafers.
XPS results indicate that silicon oxycarbide is formed on the processed Si-face surface instead of SiO2. It reveals that the refractive index of the damage layer is between that of SiC and SiO2, which is consistent with the result of ellipsometric analysis (Figure 8). The results of rough grinding and fine grinding wafer show different processing parameters and under the same process produce similar surface compositions. It should be noted that the measurement depth of XPS is less than 10 nm. Therefore, it is difficult for XPS analysis to reflect the entire damage depth of the rough grinding wafer.
5 CONCLUSION
In this study, a nondestructive detection method based on Mueller matrix spectroscopic ellipsometry is proposed to evaluate the subsurface damage of 4H-SiC wafers in rough grinding, fine grinding, and CMP stages. The elements of the Muller matrix are sensitive indictors of the damage layer and the surface texture. Especially, the change of M34 is significantly induced by the damage layer. When the surface texture direction is perpendicular to the incident plane, the Mueller matrix can obtain maximum response from the damage and interface. According to simulation and experiment, the optical model even can be simplified to ignore the backside reflection.
There is a great agreement between SE experimental and fitting data of the processed SiC wafers. The fitting thickness and refractive index of the damage layer are verified by TEM and XPS. This provides a possible method to achieve rapid quality assessment of SiC wafer in the entire production line. It is critically important for the processing optimization of large-size SiC wafers and the improvement of subsequent epitaxial quality. As a conclusion, this study provides a guide to the engineering applications of ellipsometry in the damage layer evaluation. The influence of incident angle and the light reflection characteristics at different wavelengths can be studied in the future.
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