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Abstract. Synchrotron monochromatic beam X-ray topography has been widely applied to
characterize structural defects in SiC crystals. Using ray tracing simulations, the dislocation contrast
in X-ray topography under strong diffraction conditions (diffraction takes place at or near Bragg
angle) has been intensively investigated. However, the contrast and the configurations of the
dislocation images recorded under weak diffraction conditions have not been fully investigated.
Recently, we demonstrated that the contrast of dislocations in synchrotron grazing incidence
topography under weak diffraction conditions can also be analyzed and interpreted by applying ray
tracing principles. In this study, we have extended the application of the ray tracing method to analyze
the dislocation contrast in weak beam synchrotron back reflection and rocking curve topography. The
ray tracing method is shown to successfully simulate and correlate the contrast of threading screw
dislocations at various positions on the rocking curve and thus allow to determine the signs of Burgers
vectors.

Introduction

Synchrotron X-ray topography (SXRT) is a non-destructive technique that images structural
defects (dislocations, stacking faults, grain boundaries, etc.) in bulk crystals, epitaxial films and
wafers fabricated for electronic devices [1-5]. Compared to synchrotron white beam XRT,
synchrotron monochromatic beam XRT (SMBXT) shows better defect contrast due to its superior
strain sensitivity and signal to noise ratio [6]. In SMBXT (for example grazing incidence topography,
back reflection topography and rocking curve topography [7-9]), Bragg contours will typically be
formed due to the presence of lattice bending, and the intensity profile across such contours tracks
the rocking curve of the crystal. Intensive investigations have been carried out on the dislocation
contrast in SMBXT when the diffraction takes place at or near the Bragg angle [6,8,9]. However, the
contrast of the dislocations under weak diffraction conditions (i.e. off Bragg contour) reveals
additional information since it is more sensitive to the local lattice distortion [7]. Therefore, the
understanding of the dislocation contrast in weak beam synchrotron X-ray topography is of great
interest.

We have previously reported the dislocation contrast in grazing incidence topography (GIT), and
it has been demonstrated that the contrast features under weak diffraction conditions can be described
by the orientation contrast mechanism and simulated using the ray tracing method [7]. In this work,
the contrast of the dislocations in weak beam synchrotron X-ray back reflection topography and
rocking curve topography (RCT) will be presented. Threading screw/mixed dislocations
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(TSDs/TMDs) with opposite sign of Burgers vector show different contrast features when they are
observed off-contour in back reflection topographs, while previous work has shown that TSDs/TMDs
always show circular white contrast in back reflection topographs when they are on-contour,
irrespective of sign [6]. Moreover, in synchrotron X-ray RCT, where a beam conditioner is used, the
contrast of TSDs/TMDs 1s more sensitive to the diffraction conditions as the rocking curve width is
much narrower. As a result, the contrast of TSDs/TMDs with opposite sign of Burgers vector is
dramatically different.

Experiment

The samples studied in back reflection and RCT are (0001) 4H-SiC with 8° and 4° offcut towards

[11 2 0] respectively. The images in back reflection geometry were recorded using the 000,12
reflection at an energy of 7.5 keV at 33-BM at the Advanced Photon Source (APS) in Argonne
National Laboratory, while the 0008 reflection was used in RCT at 1-BM at the APS at an energy of
8 keV.

In back reflection geometry, the monochromator is a double-bounce Si (111) and the full width at
half maximum (FWHM) of 4H-SiC 000,12 reflection is calculated to be 30" according to the DuMond
diagram [10]. But the FWHM of 4H-SiC 0008 reflection in RCT is only around 2.4" since a Si 331
beam conditioner is used in between the sample and the double-bounce Si (111), whose Darwin width
is only around 0.48" calculated from dynamical theory of X-ray diffraction.

To investigate the contrast of the dislocations and determine their Burgers vectors, ray tracing
simulations are used in the present work [11], a technique which is originally developed based on the
orientation contrast mechanism. In the simulation, the direction of the diffracted X-rays is calculated
based on the normal of local diffraction planes, which can be distorted due to the presence of the
dislocation. Projecting the diffracted X-rays onto the recording plate as dots, the image of the
dislocation is simulated. Moreover, the incident angle is modified based on the location of the
dislocation on the contour and the intensity of each dot is described by a simplified rocking curve of
the crystal [7], both of which play a key role in the formation of the contrast in weak beam topography.

Results and Discussion

As mentioned in previous section, the intensity profile across the contour in SMBXT tracks the
rocking curve of the crystal [7]. Different locations (i.e. different intensities) on the contour represent
different incident angles. When the angle is slightly off the Bragg angle, the diffracted intensity will
decrease and the contrast on the topograph will be reduced/whiter. A schematic of SiC 000,12 rocking
curve is shown in Fig. 1 (a) and nine different diffraction conditions are marked from ‘a’ to ‘i’, where
position ‘e’ is the perfect Bragg condition. On the left side of ‘e’, the incident angle is smaller than
Bragg angle (in the experiment, this is caused by the presence of lattice bending), and on the right,
the angle is bigger than Bragg angle.

The simulated images of threading screw dislocations (TSDs) under those diffraction conditions
are shown in Fig. 1 (b). The Burgers vectors of the dislocation in the first row is right-hand screw
while left-hand screw is shown in the second row. It is clear that under strong diffraction condition,
‘e’, contrast of TSDs with opposite signs of Burgers vectors are indistinguishable. However, the
difference between threading right-hand screw dislocation (TRSD) and threading left-hand screw
dislocation (TLSD) can be discerned if the incident angle deviates from perfect Bragg angle. Taking
diffraction condition ‘a’ for example, the TRSD shows darker contrast bordering the top right of the
white contrast circle while the darker contrast appears to the bottom right for a TLSD (Fig. 1 (b)).
Based upon this difference, the sign of Burgers vector can thus be determined in weak beam
synchrotron X-ray back reflection topography.
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As shown in Fig. 1 (c), the dislocations show circular white contrast in regular on-contour
topograph (as marked by the white box). But the contrast of the dislocation gradually changes if
moving towards the left side of the contour (as the lattice curvature is concave, the left side of the
contour corresponds to the right side of the rocking curve). The two dislocations in the bottom marked
by dark boxes have opposite sign of Burgers vectors as the dark contrast of TRSD appears in the
bottom left while the dark contrast of TLSD shows on the top left in the boxes, and they are labeled
by ‘R’ and ‘L’ respectively. But on the right side of the contour (corresponds to the left side of the
rocking curve), the dark contrast of TRSD is on the top right while TLSD shows dark contrast in the
bottom right in the dark boxes in Fig. 1 (c). Therefore, the sign of Burgers vector that can not be
determined in previous on-contour back reflection topography can now be characterized in weak
beam synchrotron back reflection topography.
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Figure 1. (a) Slmphﬁed rockmg curve of 4H-SiC in 000,12 back reflection geometry. Nine different
diffraction conditions from ‘a’ to ‘i’ are marked, where ‘e’ indicates perfect Bragg condition. (b) Ray
tracing simulated image of threading right-hand screw dislocations (TRSD) and threading left-hand
screw dislocations (TLSD) are shown in the first and second row, correspondingly to ‘a’ to ‘1’
diffraction conditions. Different diffraction conditions are considered. (c) 000,12 Back reflection
topograph of 4H-SiC in weak diffraction conditions. Circular white features are threading screw
dislocations (TSDs) and simulated images are placed on the right of the topographic images in the
boxes. TRSDs are marked by ‘R’ while TLSDs are marked by ‘L’. TSD marked by the white box is
under strong diffraction condition.
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Figure 2. 4H-SiC 0008 rocking curve topographs of the same region. Five different diffraction
conditions are noted by the 0 (the angle between the incident X-ray and local diffraction plane) and
Bragg angle 0g. The variation of the dislocation contrast is shown in (a), (b), (c), (d) and (e) as the
diffraction condition changes from 0g-3urad to Og+5Surad. Ray tracing simulated image is placed
alongside the topographic image in the box.
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In addition to the contrast variations in back reflection topographs, we also observed changes of
the contrast in synchrotron X-ray RCT. As the FWHM of 4H-SiC 0008 reflection in RCT is only
around 2.4", the contrast of the dislocations is much more sensitive to the diffraction conditions.
Consequently, the sign of Burgers vector can be determined even using regular on-contour
topographs. As shown in Fig. 2 (b) & (c), the diffraction condition is close to the perfect Bragg
condition and the TSDs marked by the boxes have opposite sign of Burgers vector. More importantly,
the contrast of the dislocation dramatically changes as the angle between the incident X-ray and local
diffraction plane changes. As shown in Fig. 2 (a), 8 = 6g-3urad, the white contrast ‘fan’ appears on
the left if the dislocation is TLSD, while the white contrast is on the right for TRSD. Rocking the
sample by 2 urad, the white contrast becomes smaller for both TRSD and TLSD. As the sample
continues to be rocked until 6 = 6g+5urad (Fig. 2 (e)), the white contrast ‘fan’ becomes bigger on the
right side of TLSD and to the left side of TRSD. Ray tracing simulated images placed alongside the
topographic images correlate well, indicating that the contrast can be well described by orientation
contrast mechanism.

Summary

4H-SiC dislocation contrast in weak beam synchrotron back reflection topography and RCT has
been investigated in this study. The sign of Burgers vector can be determined in weak beam back
reflection topograph and RCT using ray tracing simulations. The contrast of TSDs is observed to
gradually change as the angle between the local diffraction plane and the incident beam changes. All
these topographic images in weak beam topography can be simulated using ray-tracing method,
indicating that under weak diffraction conditions, orientation contrast mechanism significantly
contributes to the formation of the dislocation contrast.
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