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 X-ray topography, photoluminescence (PL) spectroscopy, mirror electron microscopy 
(MEM), and atomic force microscopy (AFM) were employed to evaluate stacking faults 
in silicon carbide (SiC) crystals.  The results reveal that transmission X-ray topography 
can be used to assess internal stacking faults in crystals, while PL spectroscopy and 
MEM can be used to assess stacking faults near the surface.  The stacking faults assessed 
by these different methods were found to be the same.  AFM revealed that sites where 
stacking faults were exposed on the surface had microscopic level differences of about 0.1 
nm, which are thought to be generated by different etch rates during mirror polishing.

1.	 Introduction

 Silicon carbide (SiC), which represents a class of wide-bandgap semiconductors, is 
a highly promising crystalline material for power devices(1) and it is expected to replace 
single-crystal Si in next-generation power devices.  For other use, SiC is expected as an 
optoelectronic material in ultraviolet (UV) or X-ray detector.(2)  However, it is difficult 
to grow single-crystal SiC from the liquid phase.  Consequently, the mass production 
of SiC is based on sublimation.  However, sublimation employs wafer-shaped seed 
crystals, which makes it difficult to produce large wafers and to reduce the number of 
crystal defects.  Some crystal defects are fatal to devices, whereas others have no adverse 
effects.(3)  In the development of SiC crystal manufacturing technologies, it is important 
to develop methods of detecting and reducing defects that are detrimental to devices.  
Stacking faults in SiC have been reported to degrade the characteristics of bipolar 
devices.(4)  It is thus critical to develop methods of assessing stacking faults for practical 
applications of SiC power devices.
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 This study uses X-ray topography, photoluminescence (PL) spectroscopy, mirror 
electron microscopy (MEM), and atomic force microscopy (AFM) to assess stacking 
faults in SiC crystals.  The results reveal that transmission-mode X-ray topography can 
be used to assess internal stacking faults in crystals.  PL spectroscopy and MEM can 
be used to assess stacking faults at crystal surfaces.  As a result, these methods were 
used to assess the same stacking faults.  Assessment by AFM revealed the presence of 
microscopic level differences of about 0.1 nm at sites where stacking faults were exposed 
on the surface.

2.	 Materials	and	Methods

 4°-offset 4H-SiC (0001) surface n-type 3-inch wafers were used to assess crystal 
defects.  These wafers were approximately 360 µm thick.  Sublimation was used to grow 
crystals with a resistivity in the range of 0.015–0.025 Ω·cm.
 BedeScan (Bede Scientific Instruments) with a Mo K-alpha X-ray source was 
employed for X-ray topography measurements.  Transmission mode was used for the 
diffraction plane (1-100).  The transmission mode enabled the defect distribution to be 
analyzed throughout the interior of the wafer.
 A PL imaging analyzer (PLI-100, Photon Design Corp.) was employed for PL 
spectroscopy assessment.  The excitation light was generated by a 313 nm laser.  
Luminescence at wavelengths of 420 and 750 nm or above was analyzed.
 For MEM assessment, a microscope fabricated by Hitachi Ltd., Central Research 
Laboratory was employed.  Like scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM), MEM employs an electron beam as the probe, but unlike 
SEM and TEM, MEM applies a negative bias voltage to cause the electron beam to 
reflect and to form an image by imaging the reflected electron beam.(5)  The reflected 
direction of the electron beam varies according to the electric potential or surface 
roughness of the sample.  Thus, the electric potential distribution and/or microscopic 
level differences on sample surfaces can be analyzed.  In addition, UV irradiation can 
generate carriers in the sample and the change in the potential due to defects trapping the 
carriers can be analyzed.  This system can be used to analyze wafer samples and defects 
detected by other assessment methods with its coordinate identification function.
 Level difference analysis was performed by AFM (XE-HDM, Park Systems Corp.).  
This microscope can be used to analyze wafer samples in the same manner as the MEM 
system and it can also be used to analyze defects detected by other assessment methods 
with its coordinate identification function.

3.	 Results

3.1 Assessment by X-ray topography
 Figure 1 shows the assessment results for SiC wafers obtained by transmission-mode 
X-ray topography.  The overall crystallinity is good, but defects are visible in the lower 
left of the image as lines in the 〈1-100〉 direction.  Figure 2 shows a state of stacking 
fault running from the rear surface to the front surface.  By assuming that the analyzed 
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defects are stacking faults, the following formula can be used to calculate the length d 
of the projected defect under the assumption that the stacking fault extends from the rear 
surface to the front surface of the wafer.

 d = t/tan θ. (1)

Here, t is the wafer thickness and θ is the offset angle.  The wafers used in the analysis 
are approximately 360 µm thick and have a crystal offset angle of 4°.  Calculating d 
using eq. (1) gives 5.15 mm.  The actual length of defect A (dA) in Fig. 3 is approximately 
5 mm.  This result is reasonable if defect A is a stacking fault.

Fig. 1. Assessment result by transmission X-ray topography.

Fig. 2. State of stacking fault running from rear surface to front surface: (a) bird’s-eye view and (b) 
cross section.

(a) (b)
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3.2 Assessment by PL spectroscopy
 According to previous studies, PL spectroscopy can be used to detect stacking faults 
in SiC crystals; single and multilayer stacking faults are detected by luminescence at 
approximately 420 and 510 nm, respectively.(6)

 Figure 4 shows PL spectroscopy assessment for luminescence at a wavelength of 
750 nm or above.  No luminescence originating from defects is observed in the section 
detected by X-ray topography.  However, there is a circular portion slightly above the 
center of the wafer that exhibits weak luminescence; it is thought to be caused by a 
difference in dopant concentration.  The measurement results also exhibit a pattern that is 
apparently caused by variable CCD sensitivity over the analyzed area.
 Figure 5 shows luminescence at 420 nm.  Linear emissions were observed at the 
site where defects were detected by X-ray topography (indicated by white arrows in 
the figure).  The emissions are thought to be caused by single-layer stacking faults.  PL 
spectroscopy detects the linear emissions due to emissions solely from the wafer surface.
 The assessment results obtained by X-ray topography and 420 nm PL spectroscopy 
are shown in Fig. 6.  The alignment is quite satisfactory, with PL spectroscopic emissions 
observed along the lines in one direction for the defects detected by X-ray topography.  
These results can be explained as stacking faults detected by X-ray topography, which 
extend from the rear surface through the front surface, where PL spectroscopic emissions 
are generated by defects on the front surface.  Thus, X-ray topography is considered to 
have detected single-layer stacking faults.  However, the PL spectroscopic emission along 
the lines f–g in Fig. 6 was not detected by X-ray topography.  Although this emission is 
also considered to originate from a single-layer stacking fault, it may not extend from the 
rear surface to the front surface.  Further detailed evaluation is necessary.

3.3 MEM assessment
 MEM was employed to assess the sites with luminescence caused by single-layer 
stacking faults as detected by PL spectroscopy.  Figure 7 shows the analysis results 
for UV irradiation at points a–e, h, and i in Fig. 6.  Linear defects were detected at all 

Fig. 3. Length of defect.



Sensors and Materials, Vol. 25, No. 3 (2013) 181

Fig. 4 (left).  PL assessment result (> 750 nm).
Fig. 5 (right).  PL assessment result (420 nm).

Fig. 6. Comparison of X-ray topography and PL assessment results (420 nm).

measurement points.  Thus, MEM is also able to detect stacking faults on wafer surfaces 
and can assess the incursion of stacking faults into the wafer’s interior.
 Figure 8 compares MEM assessment for the incursion of stacking faults from the 
top surface to the interior of the wafer with X-ray topography assessment.  The two 
measured values at point h are in the range of 116–117°, which agree well.  Table 1 lists 
the measured values for the angle of incursion into the wafer interior for stacking faults 
according to MEM and X-ray topography measurements for points a–e, h, and i.  These 
values agree well, suggesting that both methods assessed the same stacking faults.
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(a) (b)

(c) (d)

(e) (f) (g)

Fig. 7. Assessment results by MEM at measurement points: (a) point a, (b) point b, (c) point c, (d) 
point d, (e) point e, (f) point h, and (g) point i.

 Figure 9 shows the MEM assessment results for the defect along f–g, which was 
detected by PL spectroscopy but not by X-ray topography.  The MEM assessment results 
are the same as the results for the other measurement points.  These results suggest that 
the defect along f–g is a stacking fault.
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(a) (b)

Fig. 8. Incursion angle to substrate for stacking fault at measurement point h: (a) incursion angle 
according to MEM assessment and (b) incursion angle according to X-ray topography assessment.

Table 1
Measurement results of incursion angle to substrate for stacking faults.

Position
Incursion angle to substrate interior [°]

MEM X-ray topography
a 146 148
b   41   43
c   59   60
d 115 116
e   75   73
h 116 117
i   88   86

(a) (b)

Fig. 9. Assessment results by MEM at measurement points: (a) point f and (b) point g.
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(a) (b)

Fig. 10. MEM assessment results: (a) with and (b) without UV radiation at measurement point f.

(a) (b)

Fig. 11. MEM assessment results: (a) between h and i and (b) between f and g.

 Figure 10 shows the results of analysis of point f with and without UV irradiation.  
Compared with the non-UV irradiation case shown in Fig. 10(a), the UV irradiation case 
shown in Fig. 10(b) provides a clearer assessment of the stacking fault.  This clarity is 
thought to be due to carriers generated by UV irradiation being trapped by the stacking 
fault, which alters the detected electric potential.
 Figure 11 shows the results of assessment by MEM for a defect that is not a stacking 
fault; a defect intersecting a stacking fault was detected.  This defect was not a uniform 
line, as was observed for stacking faults.  It is thought to be a scratch created during 
mirror polishing of the wafer surface.  However, another evaluation is necessary to 
obtain a detailed profile of these defects.  In this way, MEM can be used to assess various 
defects arising from potential differences and level differences on the surface.

3.4 AFM assessment
 Figure 12 shows AFM analysis results for point h.  AFM assessment revealed the 
presence of level differences on the top surface for stacking faults.  AFM analysis also 
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enabled the detection of a stacking fault with an incursion to the interior of a wafer.  
As shown in Fig. 12(b), the incursion angle was 116°, which is the same value as the 
assessment results obtained by X-ray topography and MEM.
 A quantitative assessment of level differences is provided by the results in Fig. 13 for 
AFM analysis.  Figure 13(a) shows the analysis site.  Figure 13(b) shows the results of 
a simple, one-dimensional scan.  The level differences are extremely small, being on the 
order of atomic steps.  Figure 13(c) shows the results obtained by integrating measured 
values across a width of about 2 µm and averaging.  They reveal level differences on the 
outermost front surface for the stacking faults to be about 0.1 nm.  The wafer used for 
assessment was mirror polished.  The chemical etch rate is slightly higher in the section 
of stacking faults.  There is thus a high probability that this higher etch rate generates 
level differences on the wafer surface.

4.	 Summary

 X-ray topography, PL spectroscopy, MEM, and AFM were employed to assess 
stacking faults in SiC crystals.  Transmission X-ray topography was found to be capable 
of assessing stacking faults of crystal interiors.  PL spectroscopy and MEM were found 
to be capable of assessing stacking faults exposed on crystal surfaces.  One stacking fault 
that was detected by PL spectroscopy and MEM was undetected by X-ray topography.  
This defect requires further detailed assessment.  The stacking faults assessed by the 
various methods were the same.  In addition, assessment by AFM revealed the presence 
of microscopic level differences of about 0.1 nm in regions where stacking faults were 
exposed on the surface.  These level differences are thought to arise from differences in 
the etch rate during mirror polishing.

Fig. 12. AFM assessment results at measurement point h: (a) two-dimensional scan and (b) 
incursion angle.

(a) (b)
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