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Abstract

The physical vapor transport (PVT) crystal growth process of 4H-SiC
wafers is typically accompanied by the occurrence of a large vari-
ety of defect types, such as screw or edge dislocations, and basal
plane dislocations. In particular screw dislocations may have a strong
negative influence on the performance of electronic devices due to
the large, distorted or even hollow-core of such dislocations. There-
fore, analyzing and understanding these types of defects is crucial
also for the production of high-quality semiconductor materials. This

1



Preprint submitted to Journal of Materials Research

2 Automated analysis of X-ray topography of 4H-SiC wafers

work uses automated image analysis to provide dislocation information
for computing the stresses and strain energy of the wafer. Together
with using a genetic algorithm this allows us to predict the dislo-
cation positions, the Burgers vector magnitudes, and the most likely
configuration of Burgers vector signs for the dislocations in the wafer.

Keywords: Defects, Semiconducting materials, Mechanical properties,
Computer simulation, Image analysis

1 Introduction

Understanding and controlling defects and their behaviour is an essential task
in semiconductor research and production, reducing the negative influence
on electronic devices [1]. Furthermore, the predictive quality of simulations
strongly dependents on well-characterized defect structures, e.g., as initial
values [2–6]. Many approaches have been performed to observe defects (e.g.
micropipes (MPs) which are screw dislocations (SDs) with Burgers vector
magnitude b ≥ 3c, threading screw dislocations (TSDs)) in these materials.
Transmission electron microscopy (TEM) [7] or high-resolution TEM [8]
are applied for determining defect structure of GaN. Various groups used
monochromatic or whitebeam synchrotron x-ray topography (SWXRT)
in the Bragg geometry (back reflection and grazing incidence respectively)
[9–13] for revealing and analyzing dislocation structures in SiC. Etching is
another method for detecting dislocations in molten KOH [11, 14, 15]. The
line direction of a SD (i.e., whether it is right-handed or left-handed) is given
by the direction of the Burgers vector and is important for nucleation and
interaction of defects. Its determination is at least difficult, and for complex
dislocation arrangements nearly impossible. Generally, the determination of
the line direction of SDs may be possible with TEM [16] but it is destructive,
complicated, and locally limited to nm-dimensions. Lang and Makepeace [17]
analyzed Burgers vector directions (and thus indirectly the handedness of
SDs) by synchrotron x-ray reticulography to map misorientations in a single
crystal. This, however, can only be used to determine Burgers vectors larger
than ≈ 8c, with c the respective lattice parameter. By applying ray tracing
simulation , Chen [18] introduced a non-destructive method to reveal the
rotational direction of MPs and TSDs [19] in SiC by using grazing-incidence
x-ray topography that employs hkil− and 0008−reflections, in which TSDs
and MPs appear as white spots. Elliptical features, which are tilted clock-
wise from the orientation of the diffraction vector g represent left-handed
MPs, those which are tilted counterclockwise are right-handed MPs. The line
direction of a SDs becomes visible in the dark contrast enhancement side
on the image, which is on the left for right-handed TSDs and on the right
for left-hand TSDs. This, however, can only be used on perfectly contrasted
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regions and high-resolution topography images.

In this work, we present a different approach for extracting the position,
magnitude and sign of thousands of SDs from topography images using an
automated image processing approach in combination. The application of an
artificial intelligence approach (a genetic algorithm) allows to identify statis-
tically likely configurations of Burgers vector directions such that the total
internal energy is minimized. Together with a comparison to artificial disloca-
tion structures, we can then conclude how far from an energy minimum the
dislocation configuration of the crystal is. This elucidates the amount of eigen-
stress resulting from the growth process and thereby is an alternative property
to quantify the microstructural defect state of a crystal.

2 Results and Discussion

2.1 Analysis of dislocation positions and Burgers vector
magnitude

Fig. 1 Postprocessing and analysis of X-ray back reflection topography images (4H-SiC,
0004 - reflections): a) stitched image (8624 × 8880 pixels); b) applying a first filter leaves
only areas corresponding to SDs type 1c ... 8c; c) applying filter 2 ensures correct SD shape;
d) relation between magnitude of Burger’s vector, the diameter of the white spot and the
distance from sample to film [13]; e) resulting histogram of screw dislocation types observed
(with b ≥ 3c: SDs of MP-type).
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For automated stitching of the more than 600 images, each of which was
575×382 pixels in size, an openCV-based code [20] was written. The resulting
wafer image is shown in Fig. 1a) and has 8624× 8880 pixels. As only SDs are
considered, a first image filter is defined that only leaves those white spots
for which the area is approximately equal to that of an 1c up to 8c screw
dislocation. The lower and upper limit for the area (i.e., the number of pixel)
was obtained from the relation given in [13] which is visualized in Fig. 1d. A
second filter then considers the shape of the white spots and eliminates all
“non-SD spots” (e.g. those with long thin shaped contrasts). In order to do
that, a possibly rotated ellipse was fitted to each white pixel cluster using a
least-square strategy from openCV. Then, the ratio between major and minor
ellipse axis, c1 (governing the “lengthiness” of the pattern) could be obtained
as well as the ratio between those pixel that are inside the ellipse and the total
ellipse area, c2 (i.e., the “compactness” of the pixel cluster). Additionally, we
also calculated the circularity of the white spots, defined as c3 = 4πAcont/P

2
cont

where Acont and Pcont are the area and the perimeter of the white spot. For an
ideal circular shape, c3 would be 1. A detailed visual inspection of about 100
representative white spots showed that using the filter conditions of c1 ≥ 3,
c2 ≥ 0.65 and c3 ≥ 0.6 is a robust approach to exclude all “non-SD spots”. The
resulting micrograph is shown in Fig. 1c. Fig. 2 visualizes data of all extracted
white spots from the topography image with respect to the three morphology
parameters: lengthiness c1, compactness c2 and circularity c3. From the dataset
we choose four specific points which are mark as red cross sign together with
character A, B, C and D. A(c1 = 1.0, c2 = 0.92, c3 = 0.93) and B(c1 = 1.89,
c2 = 0.80, c3 = 0.67) are inside while C(c1 = 4.96, c2 = 0.64, c3 = 0.25)
and D(c1 = 2.20, c2 = 0.57, c3 = 0.31) are outside of the filter region. The
visualization of these specific positions are shown in first column of Fig. 3
respectively. The second and the third column of Fig. 3 illustrates the fitting
ellipse to the white pixel cluster (2nd column) and pixel that are inside the
ellipse (3rd column).

In a final step, these remaining bright spots can be classified as 1c to 8c
screw dislocations according to the spots’ diameters [13]. This results in the
histogram shown in Fig. 1e) and agrees well with manual counting within an
small sub-area. The total number of screw dislocations is 4548, in which the
1c-type occurs most often while the 7c and 8c-type is only rarely seen.

Averaging the number of dislocation along the tangential direction of the
disks results in dislocation density as a function of the radial direction distance
from the center. These are plotted for each dislocation type in Fig. 4a where the
average density of the 1c-type is 3.08 ·105 cm−2 and the average density of the
8c-type is 1.09 · 104 cm−2. Fig. 4b) shows the density of total dislocation types
together with the density of two artificial configurations which the number of
dislocations is chosen equal to the real configuration. For visualization purpose,
Fig. 4c and Fig. 4d are drawn with lower number of dislocations, with a total
number of 463 SDs for both configurations.
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Fig. 2 Shown are all extracted white spots as a function of the three parameters: lengthiness
c1, compactness c2 and circularity c3.

Fig. 3 Examples of data at specific points A, B, C and D.

An important but so far missing information that is needed to fully charac-
terize the dislocations in the wafer are the signs of the Burgers vectors and/or
the line directions: they define whether a screw dislocation is termed a right-
handed screw (RHS) or a left-handed screw (LHS) dislocation. E.g., RHS is
tantamount with a plastic deformation in direction of the Burgers vector while
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Fig. 4 Dislocation density along the radial axis: a) from 1c to 8c of real configuration; b)
total density of real configuration and density from two exemplary distributions of screw
dislocations in 2D with c) constant spacing; d) logarithmic spacing.

a LHS comes with plastic deformation in the opposite direction. As a con-
sequence, the displacement and strain field for a RHS with +b⃗ are the same
as the one resulting from a LHS with −b⃗. The following analyses investigate
the influence of the screw dislocation position and handedness on the inter-
nal energy and asks, what the most probable configuration might be. Often,
threading dislocations with predominant screw components are – in commer-
cial SiC – actually threading mixed dislocations with Burgers vector nc+ma
(n and m integers) [21]. However, as a first approximation, we only consider
the predominant screw component and assume that those white spot are all
SDs. Also, the wafer offcut does not influence our X-ray and optical charac-
terisation methods and the analysis. It is important to know for an easier and
faster orientation to fix the wished diffraction vector. In general, a special value
of offcut is chosen for further use as a seed and for epitaxial growth because it
influences the growth modes. The step flow direction and macrostep formation
may affect the growth defects (like it is known e.g. from liquid phase epitaxy of
III-V-compounds). We see some preferred defect directions, which may be the
result of this. But actually, we do not have enough data to explain a defined
correlation. This may be the subject of further experiments.

2.2 Analysis of dislocation configurations in terms of
strain energy density

As a baseline for the analysis of the experimental topographs, Fig. 1, we cre-
ate artificial dislocation distributions that cover two extreme cases in terms
of internal strain energy density: the first is a homogeneous SD distribution
with constant dislocation density that has a low internal energy, while the
second one has a very pronounced, logarithmic dislocation gradient along the
radial direction and therefore results in high internal stresses and strains, see
Fig. 4. These structures elucidate the correlation between the wafer-dislocation
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structure and the resulting energy distribution and help to classify the real dis-
location structure with respect to the two extreme cases. Here we simplify for
radial symmetry, but in reality we would expect and really see the assymmetry
by the off-orientation and gradients.

In the following, these artificial configurations are analyzed for 4H-SiC
single crystal material with shear modulus G = 193GPa, wafer radius R =
5 cm, Burgers vector magnitude b = 1c with c the length of the hexagonal unit
cell along the c-axis (c = 1nm for 4H-SiC according to [22]). The dislocation
line perpendicular to the wafer surface and in z-direction.

Two different configurations in terms of the Burgers vectors (or line direc-
tions, respectively) are investigated: (i) only right-handed SDs (left-handed
SDs result in stresses multiplied by -1 and in the same energy density), and
(ii) a random distribution of both signs. The resulting stress and energy den-
sity are shown in the first two rows of the two image groups in Fig. 5 for stress
and energy density. There, the “dark spots” in the stress fields are a result of
the diverging stress values directly at the dislocation core; while they indicate
the positions of the dislocations they are not manually added “markers”. For
larger numbers of dislocations this makes the plots of the artificial structures
difficult to read. Therefore, for the artificial systems we reduced the number
of dislocations but scaled the Burgers vector such that these dislocation distri-
butions have the same Burgers vector content as the topography image. The
Burgers vector content is calculated by taking average of the magnitude of
Burgers vector (1c to 8c) from real configuration as, ⟨b⟩ ≈ btot/ndisloc = 1.85c,
where total of Burgers vector magnitude, btot =

∑ndisloc

n=1 bn = 8400c, and num-
ber of screw dislocations, ndisloc = 4548. The following aspects can be observed
in Fig. 5:

1. Homogeneous dislocation distribution – first column of Fig. 5:

• One observes low values of average stress (Fig. 5a) and energy density
(Fig. 5d) if the signs of the Burgers vectors are the same. There, shear
stresses τxz partially cancel out between vertically aligned dislocations
due to the symmetry τxy(x, y) = −τxy(x,−y) in equation (1). The gradi-
ent of the stress distribution in vertical direction is due to the distribution
of dislocations in the circular domain causing a deviation from the regular
dislocation arrangement.

• When the signs of the SDs in the homogeneous distribution are chosen
randomly, patches of high stresses occur when nearby dislocations along
the y direction have opposite signs, and to a lesser degree also when
dislocations with the same sign are located horizontally, Fig. 5b. The
energy density, Fig. 5e, follows this pattern but is also determined by the
other non-zero shear stress component.

2. Dislocation density increases towards the edge of the wafer – second column
of Fig. 5:



Preprint submitted to Journal of Materials Research

8 Automated analysis of X-ray topography of 4H-SiC wafers

Fig. 5 Shear stress τxz (top half) and strain energy density ψ (bottom half) of two artificial
and a real dislocation distribution (plots in columns) for three different Burgers vector sign
constellations (in the rows of the top and bottom half). The Burgers vectors of the two
artificial systems (column 1 and 2) are scaled such that the effective Burgers vector content
is the same as in the real data set shown in the third column.
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• Stresses add up in vertical direction similar to a dislocation pile-up which
leads to the high values of stress distribution (Fig. 5g) as well as to a
significantly higher energy density distribution as compared to the homo-
geneous distribution, Fig. 5j. This is due to the fact that a dislocation
pileup stores a large amount of elastic energy.

• For the logarithmic spacing the energy density distribution depends very
strongly on the degree of randomness of the line direction signs: disloca-
tions with alternating line directions in radial direction ”break up” the
pileups and thereby strongly lower the stored energy as can be seen when
comparing Fig. 5h to Fig. 5i.

3. Dislocation position according to topography analysis: third column of
Fig. 5:

• Given the dislocation position as extracted from the topography and
choosing the handedness for all dislocations results in Fig. 5m in a stress
distribution that, except for a rotation and offset, is comparable to that
found for the logarithmic spacing: the whole wafer is separated by a line
into a region of positive and negative stress. This clearly shows that the
increasing density towards the surface is the predominant feature of the
wafer.

• When the line sense is chosen randomly, stress values are strongly reduced
and distributed more equally throughout the domain (Fig. 5n). The
energy density level, Fig. 5q is also strongly reduced, but on average is
higher than that of the first two dislocation configurations. This is due
to the particular type of distribution that, in the wafer encompasses a
larger region than in the “logarithmic distribution”.

2.3 Identifying likely and unlikely Burgers vector
configurations using a Genetic Algorithm (GA)

We now analyze the energy of the wafer of the actual dislocation configuration
from the topography data, i.e. dislocation positions as in the right column of
Fig. 5. Two types of studies are performed: (i) determining the Burgers vector
signs using a genetic algorithm (GA) such that a low-energy state is achieved
(cf. equation (5)) and (ii) using a GA to minimize the energy as a function of
the dislocation positions for given Burgers vector signs.

A GA as a classical artificial intelligence method is inspired by the evo-
lution of nature, performs a heuristic search process, and thereby is able to
learn. By relying on operations such as mutation, crossover and selection, the
algorithm finds the fittest individuals from the predefined population to pro-
duce the offspring for the next generation. For a general introduction to the
concept of GA please refer to, e.g., [23]. For finding the lowest possible energy
state with a GA the opens source python framework DEAP [24] was used.
There, the “individuals” are the dislocations’ positions and/or Burgers vector
signs, and the algorithm is able to learn, e.g., which configurations result in
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higher energy states. The GA “simulations” were run with 400 populations in
1000 generations. The probability for mutation and crossover in each genera-
tion is chosen to be 0.2 and 0.5, respectively. At the beginning of the first type
of energy minimization, there are 400 populations of randomly generated indi-
viduals, i.e., Burger’s vector signs. The algorithm then evaluates the objective
function of the optimization problem, i.e. the energy, for each individual of the
population. The “fittest individuals” are chosen from the current population,
and they can be recombined or mutated based on the probability to form a
new generation for the next iteration. The algorithm stops when the energy
does not change appreciably anymore which was the case after roughly 1000
generations.

Fig. 6 a) Total strain energies for all studied combinations of dislocation positions and
line directions. b) Box plot for each random case which are labelled in (a).

The resulting total strain energies per unit length are summarized in Fig. 6
for all 15 combinations of spatial dislocation configurations (the columns of
Fig. 6a) and for all Burgers vectors sign configurations (the rows of Fig. 6a).
The respective distributions (labeled with capital letters (A)-(L)) are shown in
Fig. 6b), giving an idea about the scatter of the data. An additional asterisk
indicates that the data is obtained from GA, and shown is the median of 10
such computation. All other data are obtained as the median of 1000 statisti-
cally equivalent calculation. The following can be summarized for the data of
the first four columns:

1. If dislocations are distributed homogeneously and . . .

• . . . either have the same line direction (Fig. 5d) or have line directions
obtained from energy minimization (Fig. 5f) then the total energy is
about the same with a value of 77 J/m and 73 J/m, respectively.

• . . . have random line directions (Fig. 5e) the total energy is by 30% higher
with a value of 100 J/m.
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2. If dislocations are distributed with logarithmic spacing ...

• . . . then the dependence of the total energy on the Burgers vector is quite
extreme with a high value of 3136 J/m for logarithmic spacing with RHS
dislocations (Fig. 5j) ...

• . . . and very similar values of 55 J/m and 41 J/m for the other two cases
(Fig. 5k and Fig. 5l).

3. For the real dislocation positions obtained from topography . . .

• . . . the total energy follows the same trend and has a very high value if
all dislocations would have the same line direction (1782 J/m), Fig. 5p

• . . . while the energy for the minimized configuration gives a low value
80 J/m and a higher value of 101 J/m for the random configuration,
Fig. 5r and Fig. 5q.

4. If dislocations are at random positions then the total energies are almost
the same with a value of 69 J/m for the cases of random line direction and
RHS dislocations, while it is 49 J/m for line directions obtained from energy
minimization.

We now examine the simulation with the same number of dislocations
(4548) and Burgers vector magnitude (1c − 8c) for which the position of dis-
locations will be automatically arranged by the minimization process (right
column of Fig. 6. Clearly, such a “particle model” is strongly idealized; it
violates the fact that dislocations move on slip planes and might form quasi-
stable jammed configurations. However, this model can serve as a baseline and
estimate, such that we can observe the correspondence between microstruc-
ture and energy state of the wafer. Burgers vector signs are randomly chosen,
and the same GA set up as above is used to find those dislocation positions
that minimize the wafer’s energy. Fig. 7a - d) show the best solution at the
very 1st generation and at the 1000th generation (Fig. 7e - h). We observe
that, in general, dislocations spread out evenly within the whole domain,
although Fig. 7e exhibits a some local clustering of dislocation. In comparison
to Fig. 5 the stresses are after 1000 generations rather equally distributed,
except for a few banded structures. This is even more pronounced in the
energy density shown in Fig. 7h. The corresponding energy has a value of
around 47 J/m (see Fig. 6). Computation for this case using as the Burger
vectors only right-handed dislocations gives a total energy of 54 J/m, while
from energy minimization we obtain – on average – a total energy of 46 J/m.
The energy from this minimization shows that the state where the real wafer
is at the moment may not be the minimum state of energy. This is plausible
as in reality, the energy of the wafer also will depend on other types of defects
and therefore might not be at a lowest energy state. We see that the lowest
energy (41 J/m) results from the (unrealistic) logarithmic spacing and the
minimization process with respect to line directions, whereas the highest
energy (3136 J/m) results from the (unrealistic) logarithmic spacing with only
right-hand side dislocations. The distribution of data in Fig. 6b shows that
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Fig. 7 Wafer state: at 1st generation (a to d) and at 1000th generation (e to f) (from left
to right): a) and e) dislocation positions (blue/red dots: positive/negative Burgers vectors);
b) and f), c) and g) shear stresses distribution; d) and h) energy density distribution. The
total strain energies are 73 J/m and 46 J/m, respectively.

the minimization process works very well for finding the global minimum
(indicated by the small variance of the data) while the randomness obviously
results in wider range of the values.

Assuming only RHS dislocations results in very different energy values
for different spatial dislocations configurations. In particular, the logarithmic
positioning and the real positions from topography results in extremely high
values. The lowest values are, for a specific spatial configuration, always
obtained when the Burgers vector direction is obtained from the energy
minimization. There, it seems that the value of ≈ 41 J/m is a lower limit.
In terms of energy values, the real configuration with an average value of
80 J/m is closest to the homogeneous distribution with the Burgers vector
sign determined by energy minimization. As these two situations again have
nearly the same energy values also for random line directions we conclude
that the real configuration is more similar to a homogeneous distribution
than a distribution with a pronounced dislocation density gradient towards
the surface as the logarithmic spacing, a random positioning or a distribu-
tion from minimization process. Assuming that the most likely distribution
of Burgers vector sign is such that it minimizes the energy of the wafer for
fixed dislocation positions, our simulation shows that a random distribution
is already quite close to such a configuration.

However, it needs to be pointed out that such a “energy minimization
argument” should only be understood as a first approximation as dislocations
are not free to arbitrarily flip the line direction, e.g., during the growth
process. Clearly, our study is based on an idealized model as in real crystals
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there often also other types defects present, to start with. Furthermore, the
dislocation structure might not be arranged such that the energy is at a
minimum: the location of defects may be determined by details of the growth
seed therefore might be fixed during the subsequent growth process, resulting
in additional eigenstrain. Additionally, the distribution that we actually see
in the topography is a post mortem structure at room temperature which is
frozen during the cooling, i.e., the transition from ductile to brittle. This sig-
nificantly reduces the dislocation mobility such that dislocations might “get
stuck” in an energy state far from a global energy minimum. All of this also
creates a strong history dependence of the real dislocation structure that can
not be “guessed” or inversely modelled from a single microscopy snapshot in
time.

In how far are the above computational studies reliable and useful for
understanding the real dislocation state? Assuming that the extracted number
and type of dislocation using our automated image analysis is reliable, we are
now in the situation where we understand how different arrangements of dis-
locations and their Burgers vector signs give rise to different stress and energy
states – including the consideration of image forces at the surfaces (edge of the
wafer). The so obtained total energy values Fig. 6 determine the range within
which the true energy can be assumed: most probably the true Burgers vector
signs are such that they exhibit “energy minimizing aspects” but also show
some randomness, which suggests a value in the range of ≈ 80− 101 J/m.

The presented study provides analysis concepts and tools to evaluate
further and improve the SiC bulk growth process. (i) The automated analysis
of the X-ray topography measurements enables a precise determination of the
distribution of SDs, including the size of the Burgers vector. The latter knowl-
edge, i.e. the Burgers vector exhibiting values of b = 1c . . . 8c (with b ≥ 3c:
SDs of MP-type), sheds light on the formation mechanism of the SDs during
growth or the subsequent cooling down. In particular, Burgers vectors of
c ≥ 2c imply distortions of the growth process due to particle inclusions (e.g.
carbon dust), voids, or unintentional polytype instabilities. The developed
image analysis of the X-ray topography provides a valuable tool for studying
the SiC growth process. (ii) The numerical calculation of the total line energy
of the distributions of the SDs, including a proposition of the Burger’s vector
direction, allows a comparison of the real crystal’s condition after growth
compared with a theoretical optimum case of minimum energy. This way, the
deviation of the total energy between real and optimum value may be used to
optimize the cooling down process after the growth process and a post-growth
annealing procedure of the SiC boule. In many cases of SiC bulk growth by the
PVT method, the SiC boule will be cooled down in a non-isothermal temper-
ature field. After passing the transition from the ductile to brittle at around
1150 ◦C, this leads to a freezing of the dislocation distribution, which is one
source for the deviation of the real dislocation state from a minimum energy
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one. The presented work may be applied to quantify this deviation. Another
relevant source for the deviation of the real dislocation state from a minimum
energy one, which cannot yet be distinguished within our model, is a too fast
or too slow cooling down ramp. In the first case, desired dislocation glide will
remain incomplete. In the second case, dislocation multiplication will cause an
increase in the dislocation density. In order to elucidate such a phenomenon,
implementing the actual strain field and dislocation glide, dislocation genera-
tion, and annihilation would need to be considered in a more global approach.

Nevertheless, the already achieved estimation of the total SD line energy
for various dislocation configurations indicates that this work can be fur-
ther extended by including threading edge and basal plane dislocations. The
experimental determination of the density and distribution of threading edge
dislocations (TEDs) and basal plane dislocations (BPDs) by X-ray topogra-
phy is more complicated than in the case of SDs. However, the above-presented
modeling approach using energy minimization of a virtual dislocation state
proves to be quite powerful to predict SD dislocation distribution. Hence, a
transfer of the model to calculate configurations of TEDs and BPDs in order
to predict their occurrence in real crystals should be possible.

3 Conclusions

We have analyzed 2D distributions of dislocations in a wafer, based on digital
X-ray topography images and artificial situations, to understand the disloca-
tions’ effect on the energy of the system. Using a Genetic Algorithm, we have
predicted the Burgers vector signs in the wafer assuming that they are such
as to minimize the energy. In order to find a more realistic Burgers vector sign
distribution one will need to investigate the whole three-dimensional structure
including the growth process, which currently is still a nearly impossible dif-
ficult task. But already the comparison of the energy in this 2D setting gives
a general overview of the lower and upper limit of the resulting energies from
screw dislocations. This helped to understand which are likely Burgers vec-
tor sign configurations and thereby to estimate the energy that is not directly
accessible from the topography images. Altogether, the developed analysis
framework will be a valuable tool fo the crystal growth community to obtain
information about the energetic state of the dislocation microstructure and to
tailor the growth and cooling-down process parameters. Ultimately, this will
help to create crystals with a strongly reduced defect density and thereby to
create electronic devices with enhanced properties.

4 Microscopy, Theory, and Methods

4.1 Topography images

The topography images were obtained from SWXRT mapping of a 100mm
4H-SiC (0001) wafer cut with an off-orientation of ≈ 4◦. The analysis of the
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full wafer topography and the SiC wafer cut is described in detail in (author?)
[25]. The SWXRTs measurements were carried out at the imaging cluster
of the Karlsruhe Institute of Technology light source ”KARA” [26]. For the
adjustment of the wafer in back-reflection geometry, the X-ray sensitive film
is placed between the sample and the slit system with a distance of about
80mm to 100mm, to collect the diffracted Laue pattern. For a full wafer
mapping, an indirect 2D digital dectector system is chosen to image the 0004
reflection. The high resolution imaging systems includes a scintillator crystal,
an optical macroscope and the pco.4000 fast, high-resolution CCD-camera with
a resolution of 4008× 2672 pixels per image. The physical beam size for each
topograph is 5mm× 7mm, and the mapping of the wafer was performed with
equidistant step size in x and y-direction. Due to a tilting and straining of the
wafer a geometrical distortion of the diffracted images resulted and thus, the
camera position had to be corrected individually for each topograph.

When the X-rays diffract from the deformed region close to the dislocation
core, it causes many tilted diffracted beams in various directions with a loss
of intensity that is observed as the white and black spots on the topographs
on X-ray film and CCD-camera respectively [13]. Note, that for consistence of
film and CCD images, all of the digital topographs shown in this paper are
inverted. Depending on the size and contrast of the circular spots [10], disloca-
tions can be identified either as MPs, TSDs or TEDs. The shape of the white
spots can also be elliptical because of too close neighbouring TEDs/MPs or
geometrical deformation as a result of the diffraction-projection. MPs corre-
spond to larger white spots and have stronger contrast than TSDs due to
their wider strain field. TSDs are smaller than MPs but also have a strong
contrast, i.e. a strong strain field. White spots from TEDs are much smaller
than those from TSDs but generally are associated with a strain field of low
magnitude, therefore lacking contrast. In addition to MPs, SDs and TEDs,
further large, white pixel clusters of irregular shape are partially depicted on
some reflections, which do not fit the description of any type of screw dis-
location or edge dislocation. These features were identified as voids with the
usage of polarization microscopy. TSDs and MPs show both screw character,
with different magnitude of Burgers vectors. Most of their dislocation lines are
approximately parallel to the c-axis, and their Burgers vectors are parallel to
the line. BPDs of mainly mixed character are also present and visible as fine
black lines in the topographs. They are, however, in this first analysis within
the current work neglected.

4.2 Computation of stresses and strain energy

Assuming that the position of the relevant dislocations in the wafer is known,
the resulting stress, strain, and energy density fields for a complex microstruc-
ture can be obtained as linear superposition of the respective fields of single
dislocations. Additionally, the free surfaces (edges of the wafer) need to be con-
sidered which give rise to image forces. For a right-handed SD piercing a finite
circular domain of radius R at (xp, yp) the non-zero stress tensor components
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can be obtained from the following equations [27]:

τxz(x, y) = −Gb
2π

y − yp
(x− xp)2 + (y − yp)2

+
Gb

2π

y − ypR
2/(x2p + y2p)

(x− xpR2/(x2p + y2p))
2 + (y − ypR2/(x2p + y2p))

2
(1)

τyz(x, y) = +
Gb

2π

x− xp
(x− xp)2 + (y − yp)2

− Gb

2π

x− xpR
2/(x2p + y2p)

(x− xpR2/(x2p + y2p))
2 + (y − ypR2/(x2p + y2p))

2
, (2)

The first term governs the stress field in an infinite domain, while the sec-
ond term takes the effect of the dislocations images into account and is
required to make the surfaces traction free. For left-handed SDs b is replaced
by −b. Assuming linear elasticity, the resulting stresses of the n SDs in the
wafer are then obtained from linear superposition. The non-zero stress tensor
components are

τ totxz (x, y) =

n∑
i=1

τ ixz(x, y) and τ totyz (x, y) =

n∑
i=1

τ iyz(x, y), (3)

and the energy density ψ is given by

ψ(x, y) =
1

2G

((
τ totxz (x, y)

)2
+
(
τ totyz (x, y)

)2)
. (4)

The total strain energy, E, is obtained by integrating the energy density over
the wafer area,

E =

∫
A

ψ dA =
1

2G

∫
A

(
τ totxz (x, y)

)2
dA+

1

2G

∫
A

(
τ totyz (x, y)

)2
dA. (5)
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