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The elliptical micropipes in SiC are studied using computer
simulation of the phase contrast images. The experimental
measurements of “white beam” images are performed at third-
generation synchrotron radiation source in Pohang, Korea. We
reveal that the transmitted X-ray spectrum of a high brilliance
with a pronounced maximum at 16 keV enables to form partially

coherent images even for transparent objects. The computer
simulation allows one to automatically determine the diameters
of elliptical cross-sections based on best matches between
calculated and experimental intensity profiles. We show that the
micropipes studied here have extended elliptical cross-sections,
sometimes rotating around the micropipe axis.
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1 Introduction Physical properties of SiC are well
adapted for power electronic devices. The structural defects
of micropipes (MPs) that are formed during the growth of SiC
bulk single crystals are, however, very harmful to electrical
device performance, causing breakdown point-failures in
power devices.

One possible explanation of the origin of MPs, as
suggested by Frank [1], is the elimination of high elastic
stresses around screw dislocations via the formation of pipes.
Indeed, the data obtained with various methods such as
optical, scanning force (SFM) and scanning electron (SEM)
microscopies [2, 3], conventional X-ray and synchrotron
white beam topographies (SWBXT) [2, 4], and transmission
electron microscopies (TEM and HREM) [3, 5] show that
micro and nanopipes are caused by screw dislocations.
However, the dependences of the MP radii on their
Burgers vectors observed by different authors demonstrated
quantitative discrepancies. To make them consistent with
the Frank theory, Heindl et al. [6] suggested a hollow core
dislocation as mixed rather than screw.

Comprehensive theoretical analysis of hollow core
dislocations [7, 8] has not been experimentally confirmed
so far. The anisotropic strain around MPs that was observed
using polarized light microscopy (PLM) [9, 10] was
attributed to the superposition of elastic strains of MP and

the edge dislocation trapped at MP [9]. (Afterwards screw
dislocation nature of MPs was confirmed by the correlation
of these defects using PLM and SWBXT [11].) Importantly,
MPs in crystals interact with one another or other lattice
defects [12–15] affecting their morphology. A clear picture
of MP morphology in SiC crystals has yet to be studied.

A direct non-destructive method to study MP structure in
crystal interior is synchrotron radiation (SR) phase contrast
imaging [16]. Third-generation SR sources of small angular
size provide an excellent spatial coherence. Monochromatic
X-rays are prepared by crystal monochromator that extracts
a narrow spectral band (typically �λ/λ ∼= 10−5) out of the
white beam [17, 18]. Such a high monochromaticity is
not required for objects with a relatively small transverse
size. Actually imaging can also be realized with a low
resolution monochromator [19] or without a monochromator
at all, i.e., in a “white beam” [13, 14]. The white beam
phase contrast technique has several advantages compared
to monochromatic beam, namely, high intensity, high time-
resolution, large imaging area and simplified experimental
setup [13, 14, 19]. The high intensity allows us to carry
out better processing of data with small contrast including
subtracting the artifacts. Using phase contrast imaging in a
white beam we have studied the location and orientation of
MPs [13–15]. Recently we developed computer simulation
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Figure 1 The experimental set-up for white beam phase imaging.
Polychromatic SR falls on an SiC sample at 34 m from the source.
Image is recorded at various sample–scintillator distances.

of phase contrast images to characterize MP structure
quantitatively [20].

In this work, we present computer simulation of the phase
contrast images of elliptical MPs to determine the parameters
of the elliptical cross-section. Experiments are performed
using white beam, at a third-generation SR source (Pohang
Light Source, Pohang, Korea). We reveal that the transmitted
X-ray spectrum of a high brilliance with a pronounced
maximum at 16 keV enables to form partially coherent
images even for transparent objects. We show that the
MPs studied here have extended elliptical cross-sections,
sometimes rotating around the MP axis.

2 Experiment Figure 1 shows the experimental set-
up used for phase contrast imaging. The measurements
were performed at the 7B2 X-ray Microscopy Beamline
with an effective source size of the order of 60 �m
(160 �m) in the vertical (horizontal) direction. The source-
to-sample distance was 34 m. No optical elements, including
monochromator, except beryllium windows and polymer film
were used. X-ray image was converted into visible one by
150 �m thick CdWO4 scintillator and magnified by a lens
system with magnification from 1× to 50× before recorded
with a charge coupled device camera (14-bit gray scale
and 1600 × 1200 pixels range). A sample stage with three
rotational axes and three translational motions was utilized.

MP images are affected by many factors such as beam
parameters and spectrum, the pipe cross-section, the sample-
scintillator distance, and the orientation of the pipe axis. The
images can be white or black inside with black or white edges;

Figure 2 Distance dependence of the MP images. Sample–
scintillator distances in centimeters are shown on the image.
Distance along the MP is shown below the image.

or else intermediate variants. Interestingly the contrast of MP
changes during the rotation of sample, indicating a significant
dependence of the contrast on the orientation of MP axis
relative to the beam. The aim of computer simulation is to
deduce the MP cross-section from fitting simulated intensity
profiles to images.

Sample was an axial-cut slice along the growth direction
[0 0 0 1] obtained from 4H-SiC boule. The boule was grown
by the sublimation sandwich [21] method on (0 0 0 1) face
of 6H-SiC seed in argon atmosphere and in the presence
of Sn vapor. The growth temperature was 2180 ◦C and the
growth rate was 0.5 mm h−1. The sample was mechanically
polished from both sides down to the thickness of 490 �m.
The sample surface was adjusted perpendicular to the beam
and rotated to have a horizontal position of the pipe axis, so
the MP images were measured in a more coherent vertical
direction. We obtained images for nine distances from 5 to
45 cm starting at 5 cm from the sample and increasing the
distance every 5 cm.

The distribution of MPs was investigated by combining
phase contrast imaging with SWBXT, optical microscopy,
and photoluminescence. We observed that the crystal initially
grown with a good quality was deteriorated by the appearance
of other polytype inclusions, 6H and 15R. A significant
amount of MPs (0.5–10 �m in diameter) was generated
from the surfaces of these layered polytype inclusions. MPs
bundled into groups and interacted. For the purpose of the
present study, we have chosen an isolated MP that propagated
parallel to the growth axis. Figure 2 shows several typical
images of this MP. One can see that the images are sensitive
to the distance because of their coherent nature. The intensity
profiles were measured at short sections of the whole image.

3 Theory and computer simulation For computer
simulation of SR white beam images we have to know the real
radiation spectrum which is effectively registered by a CCD.
As is known, an initial radiation spectrum is very broad. Each
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Figure 3 SR spectrum estimated with the absorbers of 2 mm thick
Be and 490 �m thick SiC.

photon is excited almost instantly and represents a coherent
superposition of harmonics extending from the optical range
to the region of few hundreds keV. Since different photons
have random phases and an image is summed up over an
enormous amount of photons, a real pattern can be calculated
on the assumption that various harmonics are incoherent.
Besides various harmonics have different intensities which
exponentially decrease starting from 5 keV. On the other
hand, low energies are absorbed inside all objects in the beam
path including the sample itself.

As a result, even in a white SR beam, an image is
effectively created in a confined energy range which should
be calculated considering all details of experimental set-
up including the sample itself. An image in a white beam
thus arises via the summation of many patterns formed by
each monochromatic harmonic considering the real source
size, where the patterns of separate harmonics are taken with
different weights. Figure 3 represents SR spectrum used for
the calculations. The spectrum was estimated taking into
account of the absorption by 490 �m thick SiC wafer placed
after 2 mm thick Be window. The spectrum curve shows a
pronounced maximum at the energy of 16 keV and rapidly
subsides with the energy deviation. Thus, despite an absence
of the monochromator, the real spectrum forming the image
has some finite energy region of higher brilliance around
16 keV. It is of interest that an image calculated for the
monochromatic radiation of 16 keV preserves mainly the
same structure as in a white beam. Notice, however, that
during white beam experiments, the energy is unchangeable
and especially invariable.

Generally, in order to calculate a monochromatic image,
MP can be represented as a quasilinear object whose electron
density undergoes fast and slow changes across and along its
axis, respectively. Choosing a relative intensity profile I(x) at
any cross-section, one can neglect the dependence along the

axis. Under such approximation the intensity is described as
follows:

I(x) = |a(x0)|2, a(x0) =
∫

dx1PK(x0 − x1,Z)T (x1),

x0 = x
z0

zt

, (1)

where z0 is the source–object distance, z1 is the object-to-
detector distance, zt = z0 + z1, Z = z0z1/zt. The problem thus
comes to the convolution of two functions.

One function is the Kirchhoff propagator:

PK(x,z) = 1

(iλz)1/2
exp

(
iπ

x2

λz

)
, (2)

which corresponds to a reduced distance Z. Here λ is
the wavelength of monochromatic radiation. The Kirchhoff
propagator describes the propagation of coherent wave in
vacuum. The second function T(x) represents the impact of
the object on the coherent wave. Since the object size in
longitudinal direction is small, it is sufficient to consider
the variations of phase and wave amplitude within the limits
of geometrical optics, without taking account of ray paths,
i.e., presuming that all rays are parallel to z-axis. For a pore
with an elliptical cross-section, such approximation allows
to exclude a homogeneous sample region, considering the
wave distortion caused only by inhomogeneity.

Then, T(x) = 1 if |x| > R whereas if |x| < R

T (x) = exp

[
(iP + M)

(
1 − x2

R2

)1/2
]

,

P = 4π

λ
δR0, M = P

β

δ
. (3)

Here R, R0 are the radii of the elliptical cross-section
perpendicular to the beam (along x) and parallel to the beam
(along z). Doubled values, i.e., the diameters of the elliptical
cross-section, are in advance unknown; they are required
parameters.

Since the integrand in Eq. (1) does not decrease at infinity,
for a numerical calculation the integral can be reduced to

a(x0) = 1 +
∫

dx1PK(x0 − x1,Z)[T (x1) − 1]. (4)

Intensity profiles were calculated for 71 harmonics in the
interval between 5 and 40 keV with a constant step of 0.5 keV
and summed up taking into account of the spectrum shown
in Fig. 3. Computer simulation was done with the FIMTIM
program (Fit Micro-Tube Imaging) written in Java and ACL
(Advanced Command Language) [22, 23]. The convolution
(4) was calculated by means of double Fourier transformation
using the algorithm of the fast Fourier transform (details can
be found in Ref. [24]). The calculation was done over the
net of 4096 points (2048 points for an automatic fit), and the
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Figure 4 Typical graphs registered by FIMTIM computer
program. Sample–scintillator distance is 45 cm. Transverse and
longitudinal section sizes are equal to 5.8 and 1.2 �m, respectively.
Vertical axis represents intensity in arbitrary units; horizontal axis
shows the distance across the MP image in microns.

region size was an input parameter (generally 34 �m). The
program read a normalized experimental intensity profile;
then calculated the profile using formulae (1) and (4) for
predetermined R, R0; interpolated the experimental profile
using the points of the calculation net and evaluated the sum
of square deviations. At every step the graphs of experimental
and calculated profiles were saved. The typical graph is
shown in Fig. 4. By sequential adjustment of the parameters
R, R0, we arrived at the best match to the experiment.
Notice that it often worked with a very good accuracy.
The parameters could be varied by user as well as via
automatic procedures. One procedure merely calculated all
points over a square net. The other procedure looked for the
best fit through the calculation of the points closest to the
given point at every step, and arrived at the best matching
point. At the same time, earlier calculated points remained
unchanged.

4 Results It is known that phase contrast image of a
transparent object is not a replica of this object, but is as
such a hologram of a special type. At the same time, the
image of the same object recorded at different distances,
firstly, enlarges and secondly, changes its structure. For this
reason, in Ref. [20] we suggested to compare a whole series
of images obtained from the same MP at different distances.
We assumed that the MP itself had a cylindrical cross-
section, and, in fact, evaluated the average radius of this
cross-section.

However, a further refined analysis done with the
FIMTIM program showed that the assumption of a
cylindrical cross-section was not always correct. A studied
MP can have an extended elliptical cross-section and, in
addition, the cross-section can turn about the MP axis. On
the other hand, under such conditions, the measurement
of the same cross-section at different distances requires

Figure 5 Section size parameters obtained from the images
registered at different distances from the sample for six levels along
the MP axis. The levels in microns are shown on the graph. T:
transverse and L: longitudinal section sizes.

a precise set-up adjustment. Otherwise, the image will
infallibly displace with the distance, and different distance
measurements should be fitted separately. When evaluated
correctly, parameters are independent from the distance. In
this approach such independence of the parameters from the
distance appears to be a criterion for the correctness of the
both experiment and fitting procedure.

Figure 5 shows the section size determined by fitting
the data measured at different distances for six close cross-
sections located in the interval between 49 and 97 �m along
the MP displayed in Fig. 2. One can see that the obtained
parameters slightly differ between the distances as well
as the cross-sections. Nevertheless, a longitudinal diameter
is of the order of 1 �m, while a transverse diameter is
about 5 �m. This result is quite unexpected and obtained
for the first time. Interestingly, the other part of the same
MP exhibits twisting: with distance along the pipe axis its
section size changes. Figure 6 represents the section size
according to the distance along the pipe; the diameters
were obtained by averaging out of the values measured at
three sample-scintillator distances: 55, 50, and 45 cm. Even
though the accuracy of the evaluation is not high, it allows
one to demonstrate that the beam-extended elliptical cross-
section of 0.6 �m transverse and 5 �m longitudinal diameters
turns quite quickly (over ≈80 �m in length) across the
beam.

The results reported here prove that the computer
simulation of white beam phase contrast images is an efficient
tool to determine the morphology of MPs in SiC crystals. We
succeeded to demonstrate that not only the real section size
and shape, but also their variation along the MP axis can be
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Figure 6 Section size parameters for different distances along the
pipe axis determined from the images at three distances from the
sample: 45, 50, and 55 cm.

determined. We believe that a further development of this
technique will improve the reliability of the results obtained.
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