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Abstract. Silicon carbide (SiC) is valued for high-power and high-frequency devices, but its 
performance is limited by crystalline defects. We report a newly observed defect arrangement, termed 
the “galaxy” defect, in wafers from a PVT-grown 6-inch 4° off-axis boule. Optical microscopy 
revealed dense clusters of micron-sized inclusions, while synchrotron X-ray topography (XRT) 
showed associated dislocation networks. Transmission synchrotron XRT indicated threading 
dislocation clusters, and grazing images revealed high densities of basal plane dislocations, deflected 
Frank partials, and threading-edge-dislocation low-angle grain boundaries (TED-LAGBs). The defect 
evolved as growth progressed, producing increasingly complex dislocation structures. Based on the 
observation, we proposed a mechanism for the evolution of the defect involving the generation, 
evolution, and interaction between the inclusions and dislocations. 

Introduction 
Silicon Carbide has gained great interest for its high thermal conductivity, high saturation velocity, 
and high breakdown voltage and, therefore, its suitability to fabricate high-frequency, high-power 
electronic devices [1, 2]. It has been applied in various fields, including transportation and 
communication. However, the longevity and performance of SiC devices are hindered by defects 
within the substrate and epitaxial material. The observation of defects and understanding of their 
formation mechanism is critical for the improvement of crystal quality and, therefore, better device 
performance and production yield [3, 4]. Synchrotron X-ray topography is a widely adopted tool for 
effectively characterizing the defects within single crystals, revealing the detailed structure of defects 
via diffraction imaging from a synchrotron X-ray light source. Synchrotron XRT can be performed 
either in the transmission geometry, where whitebeam X-ray is used and images is taken through the 
whole wafer thickness and provide an overview of the distribution of defects in the crystal. Grazing 
incidence geometry XRT, on the other hand, uses monochromatic X-ray to image the top few microns 
from the sample surface, creating a more detailed image of the intersection of defects with the sample 
surface. 
In this study, we report the observation of a new arrangement of defects that we name the “galaxy” 
defect, which was observed on wafers from the same PVT-grown 6-inch 4˚ off-axis boule. Optical 
microscopy images show a region of a highly dense cluster of micrometer-level inclusions. The 
samples are investigated mainly with a combination of optical microscopy, synchrotron white beam 
X-ray topography, and grazing-incidence synchrotron X-ray topography. The structure of the 
“galaxy” defect is revealed, and a model is proposed based on the experimental results and 
observations. 
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Experimental 
PVT-grown, 4˚ off-axis 4H-SiC substrate wafers are characterized by a combination of optical 
microscopy and synchrotron X-ray topography. XRT images were recorded in both transmission and 
grazing-incidence geometry. The transmission images were recorded using (1 1 -2 0), (1 -1 0 0), and 
(1 -1 0 1) reflections using a whitebeam synchrotron source at Beamline 27-HEX at the NSLS-II at 
Brookhaven National Laboratory. The grazing incidence images were recorded from the Si-face using 
the (1 1 -2 8) at an energy of 9.1keV at beamline 1-BM of the Advanced Photon Source at Argonne 
National Laboratory. 

Results and Discussion 
The “galaxy” defect was observed on a series of 150mm PVT-grown 4˚-offcut 4H-SiC epitaxial 
wafers from the same boule from slice 13 to slice 25, as illustrated in Fig. 1(a). They are observed 
near the edge of the wafer as shown in Fig. 1(b) and Fig. 1(c). Optical microscopy as a cluster of 
inclusions with diameters of a few microns, as shown in Fig. 1(d). 

 
Fig. 1. Illustration of the optical observation of the “galaxy” defect, including the location and the 
wafer numbers and their relevant locations (a); the location of the defect on the boule (b); optical 
transmission image of the defect on slice 18 (c); and optical transmission microscopy images of the 
“galaxy defect”. 
 
Fig. 2(a) shows the Transmission XRT, while Fig. 2(b) shows the transmission optical images from 
the “galaxy” defect region of selected wafers from the boule containing the defect. Transmission XRT 
images show a dark contrast within the region of the inclusion. Individual defects could not be 
identified due to the possible high defect density within this region. Also, no individual contrast from 
the optically observed inclusions could be identified in the topography images. The defect region can 
be observed to initiate further from the wafer edge and move towards the edge. The cluster can be 
observed to split into two parts from slice 15. The optical image from slice 49 shows no optical 
contrast for the defect, while the XRT image shows a large network of prismatic slip dislocations and 
LAGB as a residual from the defect. 
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Fig. 2. Whitebeam transmission XRT images from (1 1 -2 0) reflection (a) and optical transmission 

images (b) from slice 13, 15, 17, 22, 25, and 49 showing the evolution of the “galaxy” defect. 
Further analysis can also be performed with g•b analysis, identifying the direction of the Burgers 
vectors of BPDs in this region. The defect region can be observed to be much darker on the (1 1 -2 0) 
reflection images compared to the (1 -1 0 0) reflection images. While exact quantitative measurements 
were difficult due to the high defect density in this region. Qualitatively, around a third of the BPDs 
in this region are parallel or antiparallel to the step flow direction. Grazing-incidence geometry XRT 
was performed on the wafer series in order to further identify the defect structure within this region. 
The results from slice 13, slice 18, slice 25, and slice 49 are selected as representative and shown in 
Fig. 3. Although the defect density is still too high to investigate the detailed interaction of defects, 
contrast corresponding to BPD, TED, and TMD can be identified from the grazing image of slice 13. 
A similar arrangement is observed on the grazing images from slice 18. The density of deflected 
dislocations is found to be higher on slice 18 compared to slice 13. As the growth proceeds to slice 
25, a large LAGB network can be observed to form, which corresponds with the observation from 
the transmission images. The density of deflected dislocations between the inclusion cluster and the 
wafer edge is also found to increase. 

 
Fig. 3. Grazing-incidence XRT images from (1 1 -2 8) reflection from the Si-face of the “galaxy” 

defect region from slice 13 (a), slice 18 (b), slice 25 (c), and slice 49 (d). 
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Further SEM and Raman spectroscopy were used to investigate the composition and origin of the 
inclusions. However, neither SEM nor Raman spectroscopy was able to identify contrast on the 
sample surface. Reflective optical microscopy was also not able to resolve any inclusion on the 
sample surface. The interaction thickness of these characterization methods might have been too low 
to intersect with any of the inclusions. These inclusions could be due to the transportation of carbon 
or SiC particles from the source material to the growth interface by drag and thermophoretic forces 
[5]. However, the exact identity and the origin of the inclusions related to the “galaxy” defect are still 
under investigation with planned TEM studies. 
Based on the observations and XRT images, a model can be proposed for the formation and inclusion 
of the “galaxy” defect, as illustrated in Fig. 4. Previous studies have shown that TSD/TMD pairs 
could originate from inclusions during epitaxial growth [6, 7]. A high density of inclusions was 
observed inside the “galaxy” defect region, which would cause the generation of TSD/TMD pairs and 
therefore the high density of TSD/TMDs observed on the grazing images. As the location of the 
“galaxy” defect is very close to the wafer edge, the surface curvature in this area would be comparably 
high, which would promote the formation of macrosteps during the epitaxial process [8, 9]. These 
macrosteps could then deflect the TSD/TMDs into frank partials and possible stacking faults, which 
could be the cause of the high density of deflected dislocations between the inclusion region and the 
wafer edge [10]. 
The high density of inclusions in this region could also be the origin of the high density of TEDs. 
While the generation of TEDs is also possible near inclusions, the prismatic slip dislocation network 
near the “galaxy” suggests that the slipping of prismatic slip dislocations could also be a contributing 
factor to the TEDs in this region [8, 11, 12]. The inclusions in these regions could also serve as 
blockages of the slipping of prismatic slips dislocations, causing them to re-propagate as TED and 
pile up near the “galaxy” defect region. It is then possible for the high density of TEDs from the 
prismatic slips with the same orientation to align themselves along the most energetically favorable 
arrangement, which would explain the formation of TED-LAGB as growth progresses [13]. In the 
meantime, the inclusions can also serve as pinning points for the movement of BPDs. Both the 
inclusions and the highly dense TSD/TMDs within this region could serve as pinning points for the 
movements of BPDs. This pinning effect could cause the multiplication of BPDs in this region via 
the Frank-Read source, providing a possible explanation for the high BPD density in this region [14]. 

 
Fig. 4. Illustration of the proposed model for the “galaxy” defect based on experimental results and 

observations. 

Summary 
In this study, we investigated a new defect arrangement in PVT-grown 4H-SiC wafer named “galaxy” 
defect, which was initially observed as micron-level inclusions. The defect arrangements within the 
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defect are revealed through a combination of optical microscopy, whitebeam synchrotron X-ray 
topography, and grazing incidence synchrotron topography. A model for the evolution of the defect 
is proposed based on the experimental results, where the inclusions serve as the origin of TSD/TMDs 
while also piling up TEDs by blocking prismatic slips and eventually forming TED-LAGB. The 
inclusions and the TSD/TMDs could be the pinning points causing the multiplication of BPDs in this 
region. The identification and characterization of the “galaxy” defect provides insights into defect 
interactions in SiC, which is essential for the improvement of the PVT process in producing 4H-SiC 
wafers with better quality. 
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