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Birefringence imaging is one of the powerful methods for nondestructive characterization of 

defects in the semiconductor crystals. However, due to the complicated and unclear contrasts 

of dislocations in the birefringence image, it was considered to be difficult to automatically 

detect the position of the dislocation contrasts by the conventional image processing. In the 

present study, we designed the automatic detection algorithm for the dislocation contrasts 

taking into account for the characteristic feature of the dislocation contrasts, which were 

always pair of black and white contrasts. To detect the large change in the contrast level near 

the dislocation contrast, the automatic detection algorithm was constructed by using variance 

filter. Finally, we succeeded in detecting the position of the dislocation contrasts with 

relatively high precision and sensitivity. 
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1. Introduction 
Crystalline defects in semiconductor devices, especially in power devices, adversely affect 

the performance, the reliability and the yield of the devices1–4. In the case of silicon (Si), a 

method for manufacturing a dislocation-free wafer has been established5. However, a lot of 

dislocations exists in the other power device materials such as silicon carbide (SiC), gallium 

nitride (GaN) and diamond compared to Si6–8. Therefore, it is important to detect the 

dislocations in the wafers. Especially, the demand for the dislocation inspection of SiC 

wafers have been increasing since the SiC power devices have already started to be applied 

to practical used. 

Dislocations in SiC crystals have been detected by X-ray topography and molten 

KOH etching9–12. Photoluminescence imaging has often used for the observation in SiC 

epitaxial layers and semi-insulating SiC wafers1,13–15. For the inspection of dislocations in n-

type SiC wafers for the power device application, birefringence imaging using a polarized 

light microscope is a promising method16. The contrast in the birefringence image originates 

from the strain field in the crystal. Therefore, it is possible to detect a dislocation from the 

birefringence contrast by the strain field accommodating with the dislocation. The 

birefringence imaging has advantage in the measurement time as well as the detailed analysis 

for the characteristic of dislocations. Not only the Burgers vector but also the line vector of 

the dislocation is possibly deduced from the dislocation contrasts caused by the different 

strain field. Since Bond and Andrus reported the observation of stress field accommodating 

with edge dislocations in silicon, defects in various kinds of crystals were detected17–22. As 

for the defects in SiC, micropipe-induced birefringence were intensively studied both 

experimental observation and theoretical image simulation23–25. Dislocations in SiC wafer 

were reported to observed from the comparison of synchrotron x-ray topography 

measurements25,26. However, because of the complicated and unclear contrast of the 

dislocations in birefringence image, and the contrast modulation due to the macroscopic 

stress field, it is sometimes difficult to recognize the dislocation contrast and almost 

impossible to automatically detect the positions of the dislocations by the conventional 

image thresholding27. In the present study, firstly, we investigated the characteristic of the 

dislocation contrast by comparing the birefringence image with the synchrotron X-ray 

topography image at the same wafer positions. Then, we designed an image processing for 
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the automatic detection of the dislocation contrasts, considering the characteristic of the 

dislocation contrasts.  Finally, we proposed an algorithm to detect the position of the 

dislocation contrasts in birefringence image using variance filter28. In this article, we show 

not only the result of the automatic detection but also the designing process for the automatic 

detection algorithm. 

 

2. Experimental methods 
Two kinds of SiC crystals were used for the birefringence imaging. One is a semi-insulating 

(SI) 4H-SiC wafer with 4 degrees off-cut toward [11-20] grown by chemical vapor 

deposition. Both sides of the wafer were planarized by the chemical-mechanical polishing 

(CMP) and the thickness of the wafer is 150 µm. The other is a commercial n-type 4H-SiC 

wafer with 4 degrees off-cut toward [11-20] grown by physical vapor transport method. The 

Si face of the wafer was planarized by CMP and the C face was planarized by mechanical 

polishing, and the thickness of the wafer is 350 µm. The birefringence imaging was 

conducted by using an XS-1 microscope (Mipox), which is a crossed-Nicols-type transmission 

microscope with parallel irradiation light to observe the retardation of light passing through 

specimens. The detail of the configuration was shown in Ref. 22. The images are digitally 

recorded with the pixel resolution of about 1.8 µm/pixel. 

For the comparison, synchrotron x-ray topography images were taken at the same 

position as the birefringence image. Grazing incident reflection synchrotron topography using 

monochromatic x-ray beam with 8.27 keV was conducted in BL8S2 in Aichi synchrotron 

radiation center, Japan. The applied g vector was 11-28. The topography image was recorded on 

the nuclear emulsion plates (Ilford) and digitally recorded by the optical microscope with the 

transmission illumination. 

 

3. Results and discussion 
3.1 Birefringence observation 

Figure 1 shows the comparison between the birefringence image and the x-ray topography 

image of the SI 4H-SiC wafer with both side CMP. In the x-ray topography image as shown 

in Fig. 1(b), threading edge dislocations (TEDs) are imaged as small circular contrasts and 

threading screw dislocations (TSDs) are imaged as large circular contrasts. At the positions 
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of the threading dislocations, contrasts were always observed in the birefringence image. It 

seems that the contrasts patterns are depending on the Burgers vector of the dislocations. 

Detailed analysis of the contrast variation depending on the Burgers vector will be published 

elsewhere. Of importance to note that the contrasts of the threading dislocations were always 

the pair of black and white contrasts. The origin of such contrast of dislocations in 

birefringence image is related to the fact that the threading dislocation always accommodates 

with both compressive and tensile stress field22. As shown in Fig. 1, the dislocations in the 

SI wafer with both CMP can be clearly observed. On the other hand, the commercial SiC 

wafer is of n-type and the backside is usually not finished with CMP. 

 Figure 2 shows the birefringence image taken from the n-type 4H-SiC wafer 

(CMP/MP). Different from the image shown in Fig. 1, some dislocation contrasts were linear 

shapes, which indicates that the threading dislocations were tilted from the observation 

direction26,29. The contrast level of the image was more unclear than that of the SI wafer, 

which is considered to be due to the diffuse scattering on the back side with MP and the 

optical absorption of the n-type wafer. Furthermore, the contrast modulation by the 

macroscopic strain field was observed (the lower left of Fig. 2 is darker than the other area). 

Therefore, it is almost impossible to identify the position of the dislocation by the 

conventional image processing such as thresholding. However, we can recognize the 

position of the dislocation contrast by human eyes, because the dislocation contrasts are also 

always the pair of black and white contrast. Here, we focused on this characteristic feature 

of the dislocation contrasts for the detection of the automatic detection. 

 

3.2 Automatic detection algorithm  

Considering the characteristic feature of the dislocation contrasts, the variance filter was 

selected in order to detect the large local change in the contrast level. The variance filter was 

sometimes used for the edge detection of the photographic images30. One can easily imagine 

that filters which calculate the gradient or the similar value of the contrast level, such as the 

Laplacian filter and the Sobel filter, are also good choice for the automatic detection.  

Figure 3 shows the flow chart of the present algorithm for the detection of the 

dislocation contrasts. Firstly, the 8-bit birefringence image was linearly normalized so that 

the averaged pixel values of a normalized image became 128 (the center of the dynamic 



  Template for JJAP Regular Papers (Jan. 2014) 

5 

range) and the variance of pixel values became certain value (v0). The normalization process 

makes it possible to detect the dislocation contrasts with good reproducibility even for the 

images having different contrast levels. Then, a variance filter was applied to the normalized 

image. The variance filter algorithm consists of replacing a central pixel values with the 

variance of a square set of n by n (n is an odd number) pixels values surrounding it. The 

values of the variance are large at the position where the contrast level is changing. Therefore, 

the values of the variance are expected to be large near the dislocation contrasts. After that, 

we binarized the image using a user-defined threshold value (x0) and get a black and white 

image. In this image, a white pixel means that the corresponding variance value is larger 

than the threshold value. Then, we labeled white pixels so that each group of connecting 

white pixels has the same label. Finally, we calculated the minimum rectangle for each group, 

eliminated the smaller size of rectangles than a threshold value (S0).  
 

3.3 Results of the automatic detection  

Figure 4 shows the results of the variance filter, the thresholding and the automatic detection 

for the birefringence image of the n-type 4H-SiC wafer shown in Fig. 2. A set of the tuned 

parameters used for the automatic detection is summarized in Table I. The variance of the 

position near the dislocation contrast is large and the contrast modulation in the background 

hardly noticed in the variance mapping shown in Fig. 4(a). After the thresholding, small 

particle-like contrasts due to the noise of the detector appeared at the position where the 

dislocation contrast is absent (Fig. 4(b)). However, owing to the area thresholding for a size 

of rectangles, the small particle-like contrasts were hardly surrounded by rectangles in Fig. 

4(c). Finally, almost all dislocation contrasts were found to be detected by the current 

algorithm with relatively high accuracy.  

If you closely look at the results of the automatic detection, you will find two types 

of erroneous detection. One type is that multiple dislocation contrasts are counted as one 

dislocation contrast (the largest rectangle located at upper right in Fig. 4(c)). Here, we call a 

“multiple-detection (MD)” error. Another type is that the very weak contrasts were not 

detected (true negative: TN), which was observed above the largest rectangle in Fig. 4(c). 

Of course, these errors can be avoided by changing a set of parameters. However, changing 

the parameters evoke the other errors. If you increase the values of x0, you can eliminate the 
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MD errors, but TNs will increase. If you decrease the values of x0, you can eliminate TNs, 

but the position where there is no dislocation contrast will be wrongly detected (false 

positive: FP). The set of the parameters used in the current automatic detection was tuned so 

as to avoid an occurrence of FPs. Therefore, occurrences of these two types of erroneous 

detections is considered to indicate a limitation of this detection algorithm. Table II 

summarizes the results of the automatic detection for 5 different images. Most of the 

dislocation contrasts were correctly detected (true positive: TP) and the precision (TP / (TP 

+ FP)) were 100% because we can set the parameters so as to avoid the occurrence of FPs.  

The sensitivity (TP / (TP + FN)) and MD error rate (MD / TP) were 95%±2.9% and 

4%±2.7%, respectively. Note that the error of the sensitivity and MD error rate was evaluated 

by the 95% confidence interval. The result of the automatic detection for the birefringence 

image was comparable to that for the etch pit counting of semiconductor wafers31,32.  

The present results indicate that threading dislocation density and the position of 

commercial SiC wafers are possible to be detected by the birefringence imaging as well as 

the current automatic detection algorithm using variance filter. This implies that the 

birefringence imaging is the candidate for a non-destructive inspection method for the 

threading dislocations in SiC wafers. Non-destructive inspection of SiC wafers is considered 

to contribute the efficient production of SiC power device and the improvement of the crystal 

quality for SiC wafers. 

 

4. Conclusions 
Automatic detection algorithm for the dislocation contrasts of n-type SiC wafers in a 

birefringence image was designed taking into account for the characteristic feature of the 

dislocation contrasts. To detect the large change in the contrast level near the dislocation 

contrast, the automatic detection algorithm was constructed by using variance filter. Finally, 

we succeeded in detecting the position of the dislocation contrasts with relatively high 

precision and sensitivity. The present results indicate that the birefringence imaging is one 

of the dislocation inspection methods for SiC wafers and will contribute the development of 

SiC power devices as well as the improvement of the crystal quality of SiC wafers. 
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Figure Captions 

Table I.  A set of the parameters used for the automatic detection.  
 
Table II.  Results of the automatic detection for 5 different images. 
 

Fig. 1. The birefringence image (a) and the x-ray topography image (b) of the SI 

4H-SiC wafers. Black arrows indicate the positions of threading edge dislocations 

and a white arrow indicates the position of the threading screw dislocation.  

 

Fig. 2. The birefringence image of the n-type 4H-SiC wafer. 
 

Fig. 3. The flow chart of the automatic detection algorithm using the variance filter. 

 

Fig. 4. (a) The variance mapping, (b) thresholding image and (c) result of the 

automatic detection of the birefringence image shown in Fig. 2. The positions of 

the dislocation contrasts were automatically surrounded by green rectangles. 
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Table I.  A set of the parameters used for the automatic detection.  
 

Parameters Values Descriptions 
v0 16 A value of a variance for the normalization. 
n 5 A size of variance filter 
x0 24 A threshold value for the variance value 
S0 10 A threshold value for a size of rectangles 
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Table II.  Results of the automatic detection for 5 different images. 
 

 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 

Image # True positive MD error True negative False positive 
1 32 4 0 0 
2 45 2 3 0 
3 13 0 1 0 
4 54 0 5 0 
5 46 2 1 0 

Total 190 8 10 0 
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Fig. 1. The birefringence image (a) and the x-ray topography image (b) of the SI 

4H-SiC wafer. Black arrows indicate the positions of threading edge dislocations 

and a white arrow indicates the position of the threading screw dislocation.  
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Fig. 2. The birefringence image of the n-type 4H-SiC wafer. 
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Fig. 3. The flow chart of the automatic detection algorithm using the variance filter. 
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Fig. 4. (a) The variance mapping, (b) thresholding image and (c) result of the 

automatic detection of the birefringence image shown in Fig. 2. The positions of 

the dislocation contrasts were automatically surrounded by green rectangles. 

 

 

 

 

 

 

 


