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INTRODUCTION

Silicon carbide SiC is a promising semiconductor
material for electronic technology. It exceeds silicon in
heat conductivity and breakdown voltage and can be
used for production of power, high-frequency, and
high-temperature devices with small losses. However,
the growth of silicon carbide crystals is accompanied
by the formation inside it of micropipes in the form of
cylindrical pores with diameters from submicrons to
several microns. As a rule, micropipes are screw super-
dislocations with giant Burgers vectors [1, 2]. The
micropipe axes are parallel to dislocation lines and their
section radii are related to the dislocation Burgers vec-
tor [3]. Micropipes induce electrical breakdown in SiC-
based devices. They are called killer defects, and their
density is among the main quality indexes of a sample.

The study of a micropipe structure in SiC single
crystals by nondestructive methods is an important
problem. This is necessary both for specialists in crystal
growth and for device manufacturers. Micropipes are
investigated by different methods including x-ray
topography, and optical and scanning electron micros-
copy [4, 5]. The obtaining of coherent phase-contrast
images [6] by synchrotron radiation (SR) is the most
direct method for studying the micropipe structure
directly inside a sample. Third-generation SR sources
have small angular sizes and yield the required space
coherence. The SR beam monochromaticity is usually

produced by a crystal-monochromator giving a relative
width of a spectral line less than 

 

10

 

–5

 

 [7, 8]. However,
to obtain the image of objects with relatively small
cross sections, such a large degree of monochromatic-
ity is not necessary. The images can be obtained by a
monochromator with a low resolution [9] or even with-
out a monochromator in a white SR beam [5]. The dis-
tribution of micropipes in a sample, their orientation
and shape, and reaction between them have been inves-
tigated by phase contrast in a white SR beam in [5].
However, to obtain quantitative data on the section
sizes and shape of the micropipe, it is necessary to carry
out parallel computer simulation of images and to fit
theoretical and experimental intensity profiles.
Recently, we carried out the first investigation of this
kind [10].

In this work, new results of investigation of the
micropipe structure in SiC by phase-contrast images in
a third-generation SR white beam are presented and the
section parameters of micropipes are obtained by fitting
of theoretical and experimental intensity profiles. The
next section describes the details of the experiment. In
the third section, theoretical formulas on the basis of
which the computer simulation is carried out are pre-
sented and the computer program that automatically
searches for the required parameters is described.
Results are presented in the fourth section.
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Abstract

 

—A method of computer simulation of phase-contrast images in white synchrotron radiation has been
developed to determine the section parameters of micropipes in silicon carbide. The experiments have been car-
ried out using the third-generation synchrotron radiation source the Pohang Light Source (South Korea). The
effective spectrum of the synchrotron radiation that forms of an image has been shown to have a relatively sharp
maximum at an energy of 16 keV, which makes it possible to conserve coherency within the required limits. A
computer program has been developed that automatically determines the diameters of an elliptic section of a
micropipe from the condition of coincidence of calculated and experimental profiles. It has been shown that the
studied micropipes have a strongly stretched elliptic section that can twist when moving along the pipe axis.
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EXPERIMENTAL

The experiment was carried out at the 7B2 X-Ray
Microscopy Station using the third-generation SR
source Pohang Light Source (South Korea). The exper-
iment circuit is relatively simple. An SR source is
placed far from a sample (34 m). There is nothing
between the source and sample except for beryllium
windows and a polymer film that hardly affects the SR
properties. The source has an effective size of 160 

 

µ

 

m
in the horizontal direction and 60 

 

µ

 

m in the vertical.
The experiment circuit is shown in Fig. 1. The sample
was installed on a goniometer allowing both rotations
about three axes and translations normally to a beam
and along it. A 

 

CdWO

 

4

 

 crystal scintillator 150 

 

µ

 

m thick
placed beyond a sample converts radiation into visible
light. The image in visible light passes through a lens
system, is enlarged, and is recorded by a camera based
on charge-coupled devices (CCDs). A camera records
the intensity using 14-bit numbers in the form of a
matrix consisting of 

 

1600 

 

×

 

 1200

 

 points (pixels). Image
magnification can be controlled in the range from 

 

×

 

1

 

 to

 

×

 

50

 

 times. In this work, the pixel size was 0.194 

 

µ

 

m in
terms of an x-ray image.

The recorded micropipe images are very various and
depend on many conditions such as the parameters of
the SR beam and its spectrum, the section size and
shape of a micropipe, the distance from sample to
detector, and the micropipe axis orientation relative to
a SR beam. The images can have white middle and
black edges, black middle and light edges, and can
include all intermediate variants. The same pipe
changes the contrast when the sample rotates, which
indicates a strong angle dependence between a pipe
axis and beam. The computer simulation solves the
inverse problem, namely the determination of section
parameters of a micropipe by fitting of calculated and
experimental intensity profiles.

The special sample was prepared for the experi-
ment; it was cut in the form of plate from a 4H-SiC
ingot grown by sublimation [11] in an Ar atmosphere at
a temperature of 

 

2100°ë

 

 at a growth rate of 0.5 mm h

 

–1

 

.
The plate surface was parallel to the [0001] crystal
growth axis and had a thickness of 490 

 

µ

 

m. The plate

was installed normally to the beam in such a way that
the micropipe axis was horizontal. Correspondingly,
the intensity profile was recorded in the vertical direc-
tion, for which a source had a minimum size. The plate
surfaces were polished to remove spurious contrast
from a rough surface. To obtain the maximum data set,
the images were measured at 11 distances from 5 to 55
cm with a step of 5 cm.

Optical photomicrography of the sample fragment
with micropipes is shown in Fig. 2. Dark contrast hori-
zontal lines denote micropipes and more light vertical
ones denote inclusions of other polytypes on which
micropipes nucleate. The image of the isolated
micropipe is shown in the same figure on the right, and
the figure is turned by 90

 

°

 

 (the pipe axis is horizontal in
reality). The arrow shows the place where the intensity
profile was recorded. To remove excess details, two pat-
terns were recorded for the sample with micropipes and
without them. In the latter case, the sample was
replaced by a perfect silicon plate with the same
absorption. Then the intensity at each point of the first
pattern was divided by that of the second, which is
equivalent to contrast subtraction at small contrast
regardless of the mean intensity level. However, the
intensity profile for the computer simulation was
recorded from a small area of the total pattern and the
result hardly depended at all on the procedure for
removing excess details.

THEORY AND COMPUTER SIMULATION

To calculate phase-contrast images in an SR white
beam, it is necessary to know the SR real spectrum in
explicit form, which is effectively recorded by a detec-
tor. As is known, the initial SR spectrum is wide. Each
photon is excited almost instantly and is a coherent
superposition of energy harmonics of an optical range
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Fig. 2.

 

 (a) Optical microphotograph of the sample with
micropipes; (b) phase-contrast image of the micropipe turned
by 90

 

°

 

.



 

JOURNAL OF SURFACE INVESTIGATION. X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 2

 

 

 

 No. 6 2008

 

COMPUTER SIMULATION OF PHASE-CONTRAST IMAGES 863

 

up to several hundred keV. Since different photons have
random phases and the image is summed over a great
number of photons, the real picture can be calculated
based on the assumption that different harmonics are
noncoherent. In addition, different harmonics have dif-
ferent intensities, which decrease exponentially in an
energy range greater than 5 keV. On the other hand, the
low energy range is heavily absorbed in all objects
placed in the path of the beam including the sample.

As a result, a SR image is effectively formed even in
a white beam in a limited energy range which should be
calculated taking into account the entire the experiment
circuit including the sample. In this sense an image in a
white beam is a sum of many pictures obtained for each
monochromatic harmonic taking into account the real
source size where the picture for individual harmonics
is taken with a different specific weight. The SR spec-
trum used in calculations is shown in Fig. 3. It is seen
that the initial spectrum decreases monotonically in the
range from 5 to 40 keV, losing almost three orders of
magnitude in intensity. Taking into account beryllium
windows 2 mm in overall thickness does not strongly
change the curve. However, taking into account the
absorption in a sample results in a cardinal change.
Now the intensity has a maximum at 16 keV and
sharply decreases with a decrease in energy. Thus, in
spite of the absence of a monochromator, the real spec-
trum forming an image is localized near 16 keV. It is
interesting that the image calculated for 16 keV mono-
chromatic radiation remains, on the whole, the image
structure in a white beam. However, note that there is
no possibility of changing and, especially, of varying
the energy in experiments with an SR white beam.

In the general case, to calculate a monochromatic
image, a micropipe can be represented as a quasilinear
object in which the electron density changes quickly
across the axis and slowly along it. Separating the pro-
file of relative intensity 

 

I

 

(

 

x

 

)

 

 in some section across the
axis, the dependence along the axis can be neglected. In
this approximation, the intensity is described in the fol-
lowing way:

 

(1)

 

where 

 

z

 

0

 

 is the distance between a source and an object,
and 

 

z

 

1

 

 is the distance from an object to a detector, 

 

z

 

t

 

 =

 

z

 

0

 

 + 

 

z

 

1

 

, 

 

Z

 

 = 

 

z

 

0

 

z

 

1

 

/

 

z

 

t

 

. Thus, the task is reduced to calculat-
ing the convolution of two functions.

The first of these is the Kirchhoff propagator,

 

(2)

 

which corresponds to a reduced distance 

 

Z

 

. Here 

 

λ

 

 is
the monochromatic radiation wavelength. The propaga-
tor describes coherent wave transport through the vac-

I x( ) a x0( ) 2,=

a x0( ) dx1PK x0 x1– Z,( )T x1( ), x0∫ x
z0

zt

----,= =

PK x z,( ) 1

iλz( )1/2
------------------ iπ x2

λz
----- 

  ,exp=

 

uum. The second function 

 

T

 

(

 

x

 

)

 

 describes the effect of
an object on a coherent wave. Since an object has a
small longitudinal size, it is quite sufficient to take into
account the change in the wave phase and amplitude
within the geometrical optics without taking into
account the change in beam trajectory, assuming that all
beams are parallel to the 

 

z

 

 axis. In this approximation,
we can exclude, for simplicity, the uniform part of a
sample in a material with an elliptic section and take
into account only wave distortion caused by nonunifor-
mity. Then 

 

T

 

(

 

x

 

)

 

 = 1 at 

 

|

 

x

 

|

 

 > 

 

R

 

 and

 

(3)

 

at 

 

|

 

x

 

|

 

 < 

 

R

 

. Here 

 

R

 

 and 

 

R

 

0

 

 are the radii of an elliptic sec-
tion of a micropipe across a beam (along the 

 

x

 

 axis) and
along a beam (along the 

 

z

 

 axis). Their double values,
i.e., the diameters of the elliptic section, are a priori
unknown and are the quantities sought.

Since the integrand in (1) does not decrease at infin-
ity, subject to the propagator property, the integral was
reduced for numerical calculations to the following
form:

 

(4)

 

The intensity profiles were calculated for 71 harmonics
in the energy range from 5 to 40 keV with a constant
step of 0.5 keV and then summed with allowance for
the spectrum shown in Fig. 3. The computer simulation
was carried out using the FIMTIM program written in
the ACL language [12] and operating under the control
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Fig. 3. Effective synchrotron radiation spectrum recorded
by a detector: (1) initial spectrum; (2) after absorption in
beryllium windows; (3) after additional absorption in the
sample.
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of an interpreter written in the Java language. Convolu-
tion (4) was calculated by double Fourier transform
using the fast Fourier transform algorithm [13]. The
calculation was carried out using a net consisting of
4096 points (2048 points were used in the automatic fit
mode) and the area was the input parameter (usually
34 µm). The program read the normalized experimental
intensity profile, calculated the profile by Eqs. (1) and
(4) for the specified values of R and R0, interpolated the
experimental profile to the points of the calculated net,
and calculated the sum of squared deviations. A graph
of experimental and calculated profiles was filed at
each step. A typical example of a graph is shown in Fig.
4. The task was to obtain the best coincidence of curves
by varying the values of parameters R and R0. Note that
this was often obtained with a good accuracy. The
parameters can be varied both manually and automati-
cally. The former calculated all points in the square net.
The latter carried out a search calculating the points
nearest to the required one at each step and shifting to
the point with the best coincidence. In this case previ-
ously calculated points were not recalculated.

DISCUSSION AND CONCLUSIONS

As is known, the coherent phase-contrast image of a
transparent object does not describe an object directly
and is in fact a special type of hologram. In this case,
the image of the same object at different distances,
firstly, increases and, secondly, changes its structure.
For this reason, it has been proposed in [10] to compare
the total image set of the same micropipe at different
distances. In this case, it has been assumed that the
micropipe itself has a cylindrical section and the aver-
age radius of this section was virtually determined.

However, the subsequent, more subtle analysis by
the FIMTIM program has shown that the assumption of

a cylindrical section is not always true. The studied
micropipe can have a strongly stretched elliptic section,
and, moreover, this section can turn in certain places
when moving along the pipe axis. On the other hand,
the experimental recording of the same section at dif-
ferent distances under these conditions requires the
very fine adjustment of the experiment scheme. Other-
wise the shifts of an image along the axis are inevitable
with changing distance. For this reason it is necessary
to fit the section parameters individually for each dis-
tance. If the parameters are correctly determined, they
should not depend on distance. In this approach, the
independence of the parameters from distance is a cri-
terion both of the correctness of the statement of exper-
iment and of the fitting procedure.

Figure 5 shows the section diameters of a micropipe
determined by fitting from the data obtained at different
distances for three close sections in the area of the
image denoted by the arrow in Fig. 2. It is seen that the
obtained parameters change weakly both as a function
of distance and with a small shift of the section along
the axis. However, the longitudinal diameter of a
micropipe is only 1 µm, whereas the transverse diame-
ter is 5 µm. This result is rather unexpected and has
been obtained for the first time. Moreover, examining
the other image area, we found an interesting effect in
which a micropipe is twisted, whereby its section
changes the parameters as it moves along the pipe axis.
Figure 6 shows the section diameters as a function of
position of sections along the pipe axis obtained for dis-
tances of 45 and 55 cm. Though the accuracy in deter-
mining the parameters is low, it has been reliably
observed that the pipe in some areas has an elliptic sec-
tion that has been strongly stretched along the beam
with a transverse diameter of 0.5 µm and a longitudinal
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Fig. 4. Typical graph recorded by the FIMTIM program during fitting of the section parameters of the micropipe. The distance
between the detector and sample is 45 cm. The smooth curve is the theoretical calculation; the broken line is the experiment taking
into account unavoidable noise. 
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diameter of 5.5 µm, which turns rather quickly (on an
area of 80 µm in length) across the beam.

The results allow us to conclude that the computer
simulation method is effective when the sectional struc-
ture of micropipes in silicon carbide is determined by
phase-contrast images in an SR white beam. In this
case, it is possible not only to obtain the real parameters
but to also fix their dynamics when moving along the
micropipe axis. We believe that further development of
this method make it possible to improve the reliability
and validity of results.
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Fig. 5. Section parameters of the micropipe determined
from the images at different distances from the sample and
for three close sections along the pipe axis with numbers 1–3.
T denotes transverse diameters and L denotes longitudinal
diameters.
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points along the pipe axis determined from the images at the
distance from the sample of 55 and 45 cm. T denotes trans-
verse diameters and L denotes longitudinal diameters.
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