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INTRODUCTION

Dislocated micro� and nanopipes represent struc�
tural defects in silicon carbide (SiC) and gallium
nitride (GaN) crystals. The diameters of micropipes in
SiC are larger than in GaN by several orders of magni�
tude; their values are in the range from fractions of a
micrometer to ten micrometers. Diagnostics of such
defects is an essential part of fabrication, which con�
trols quality, hence, the commercial cost of SiC and
GaN substrates. In recent years, the micropipe distri�
bution density in crystalline 4H�SiC wafers delivered
by the best world manufacturers has not exceeded
~0.7–0.5 cm2. However, such wafers are very expen�
sive. For the mass production of inexpensive perfect
crystals, knowledge of micropipe nucleation and evo�
lution mechanisms, micropipe reactions with each
other and with other defects is insufficient. A widely
accepted method of micropipe diagnostics in SiC is
optical microscopy. However, the resolution and sen�
sitivity of optical micrographs are insufficient for
studying the nature of these defects.

The essentials of the nature of micropipes in SiC
were obtained by scanning electron microscopy, X�ray
topography using synchrotron radiation (SR) [1], and
atomic�force microscopy [2]. The simulation of X�ray
diffraction patterns measured in white SR allowed
determination of the Burgers vectors of dislocations
lines along the micropipe axes [1]. In this case, dislo�
cations were assumed to be purely screw type, in strict

accordance with the F. Frank theory [3]; the
micropipes themselves were assumed to be cylindrical.
The results obtained were used by other authors [4];
however, the sizes and morphology of the micropipes
themselves have not been independently studied.

Recently, an alternative nondestructive method for
studying micropipes, i.e., X�ray phase contrast imag�
ing, has been developed [5–9]. Third�generation SR
sources have a small angular size, which provides high
spatial beam coherence. Furthermore, the initial SR
spectrum, i.e., without monochromatization, is
shaped as a curve with a maximum at a certain energy
in the case at hand. The decrease in the intensity of the
radiation with a high photon energy is caused by the
generation mechanism; low�energy radiation is
absorbed in the crystal. Therefore, even “white” SR is
in part coherent, and this is quite sufficient for record�
ing the phase�contrast images of small objects, such as
micropipes in SiC, as bright and dark bands in the cen�
tral region of the images.

The approach based on imaging in white SR beam
is sometimes more preferable in comparison with the
use of a monochromator, since a higher intensity
determines a short exposure time. The simple experi�
mental setup and the wide wavelength range allow the
optimum arrangement of equipment to combine vari�
ous methods during a single experiment, combining
phase�contrast imaging with topography, tomography,
and analytical techniques.
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However, an analysis of the capabilities of each of
the combined methods requires special study. As was
first noted in [10], to obtain reliable quantitative data
in the phase contrast method, numerical simulation of
the images of differently shaped and sized objects
should be developed based on the Kirchhoff integral
calculation for monochromatic SR harmonics fol�
lowed by summation over an actual spectrum, taking
into account absorption in the sample. Currently, we
have developed the FIMTIM program for automatic
determination of the parameters of an elliptic
micropipe section by the beam, based on fitting the
simulated profile of the relative intensity to the exper�
imental one. Using this program, it was shown that
during growth the micropipe section can change not
only its size, but also its orientation [11, 12].

Further study [13, 14] lead to an understanding of
the characteristic feature of the images, which lies in
the fact that the image structure weakly depends on the
micropipe section’s size, especially if the latter is small
(less than a micrometer), at relatively long distances
(near 50 cm). The size affects only the image contrast,
while the image itself has a universal character. An
appreciable change in the contrast in experimental
images of the micropipe when moving along its axis
seemed mysterious for a long time, and this mystery
was solved.

In this study, we propose an explanation for another
feature of experimental images, i.e., a contrast sign
change when moving along the micropipe axis, and
opposite contrast signs in images of different tubes.
The cause of the contrast sign change is such a change
in the micropipe axis direction that it makes a small
angle with the SR beam direction. In this case, the size
of the micropipe’s longitudinal section by the beam
increases, which results in strong oscillations of the
wave field in the cross section region. At a large dis�
tance in the white beam, these oscillations are aver�
aged, which results in black contrast.

We note that micropipes in silicon carbide crystals
are interesting objects for studying the general prob�
lem of synchrotron phase contrast images, since the
transverse diameter of their sections by the beam is
comparable to or smaller than the diameter of the first
Fresnel zone, and the longitudinal diameter can vary
in a wide range. Measurements of experimental
images are described in the second section, where
examples of contrast changes are also shown. In the
third section, the results of a theoretical analysis are
presented, which prove the above statement.

EXPERIMENTAL

The 4H�SiC crystal studied in this work was grown
by sublimation [15] in an argon atmosphere at a tem�
perature of 2180°C with a rate of 0.5 mm/h. The growth
axis was parallel to the [0001] direction. The wafers cut
off approximately perpendicular to the growth axis were
polished on both sides to a thickness of 0.49 mm. The

wafer surface was misoriented with respect to the basal
plane by 8°. One of the wafers was then cut into strips
0.5 mm wide, 0.49 mm thick, and 15 mm long.

Phase contrast images were obtained at the 7B2
beamline (X�ray microscopy) of the third�generation
Pohang Light Source, Republic of Korea. A bending
magnet provided effective source sizes of 60 and
160 µm in the vertical and horizontal directions. The
source was at a distance of 34 m from the sample. The
effective radiation spectrum was calculated using
the source’s initial spectrum curve in the energy range
from 5 to 40 keV, which is monotonically sloping in
shape. After accounting for absorption in a beryllium
window 2 mm thick and in the SiC wafer 490 µm
thick, the spectrum showed a pronounced maximum
at an energy of 16 keV [10]. Radiation that was passed
through the sample arrived at a CdWO4 scintillator
crystal 200 µm thick and excited its luminescence.
Visible light was reflected from a mirror�polished sili�
con wafer that served as a mirror and passed through a
lens system. The magnified image was recorded by a
detector with a 1600 × 1200 pixel matrix and a sensi�
tivity of 14 bits. The size of the field of view was 540 µm
(H); the pixel size was 0.34 µm.

The samples were fixed on a holder providing
movement along three axes with an accuracy of
0.1 µm, tilts and rotation about the vertical axis. The
sample surface was aligned perpendicular to the beam;
in this case, the micropipe axes were perpendicular to
the basal plane, deviating from the normal to the sur�
face by 8°. The distance between the scintillator and
the sample was varied from 5 to 30 cm. The phase con�
trast images were measured in two modes: (i) by trans�
lation and (ii) by rotation of the samples in the form of
bars about the vertical axis perpendicular to the beam
and parallel to the long edge of the bar. In the former
mode, the micropipe distribution in the sample bulk
was determined; in the latter mode, the micropipe ori�
entation in space was studied. The rotation was per�
formed in the range of 180° with a step of 2°. The
imaging was performed step�by�step in the fast�shut�
ter shooting mode.

Figure 1 shows the typical phase contrast images of
the series measured by sample rotation in the SR
beam. When the longitudinal�cut surface of the bar is
illuminated, micropipes are seen over the entire length
(not shown in the figure). In some places, they deviate
from the growth axis by significantly larger angles than
the misorientation angle of 8°. We can see contrast
sign changes along the micropipe axes. The typical
contrast (dark edges and bright center) changes to the
reverse one (black center and bright edges). The
change is caused by the micropipe axis rotation angle
with respect to the beam direction.

THEORY

Phase contrast images of the micropipes in the
white SR beam can be theoretically calculated as an
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incoherent superposition of images for various har�
monics, where the weight of each harmonic (effective
radiation spectrum) should be calculated taking into
account its intensity absorption in the path from the
source to the detector. We note that consideration of
absorption in a relatively thick sample can cause a sig�
nificant change in the effective spectrum. For exam�
ple, for the Pohang Light Source, the spectrum has a
maximum at the photon energy E = 16 keV and
sharply decreases with decreasing energy, i.e., even in
the absence of a monochromator, the actual spectrum
forming the image is localized near 16 keV. Such a
spectrum depends on the source and the thickness of
all absorbers in the beam path. A slight shift in the
maximum can be achieved by varying the absorber
thickness; however, the energy cannot be varied in a
wide range.

The monochromatic image of the micropipe can be
calculated in the approximation of a quasi�linear
object which strongly changes the phase of the wave
passing through it across the axis and very weakly
changes it along the axis. Separating the relative inten�
sity profile I(x) in any section across the axis, we can
disregard the phase change along the axis. In this
approximation, the intensity profile is described using
the single integral in infinite limits,

(1)

where z0 is the source–object distance, z1 is the
object–detector distance, zt = z0 + z1 , Z = z0z1/zt.
In this case, the problem is reduced to the calculation
of the convolution of two functions, the first of which
is the Kirchhoff propagator

(2)

where λ is the radiation wavelength. The second func�
tion T(x) is called the transmission function. It
describes the influence of the object on the coherent
wave. For small objects, it is sufficient to consider the
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change in the phase and amplitude of the wave within
geometrical optics without changing the ray trajecto�
ries, i.e., assuming that all rays are parallel to the opti�
cal axis. For a void that has an elliptical cross section
in a material, only wave distortion due to inhomoge�
neity should be taken into account. As a result, we have
T(x) = 1 at |x| > R; at |x| < R,

(3)

Here 2R and 2R0 are the diameters of the elliptical
cross section of the micropipe across and along the
beam, respectively, δ – iβ = 1 – n, where n is the com�
plex refractive index of the medium. In the experi�
ment, the diameters of the elliptical cross section are a
priori unknown and should be determined.

Since the integrand in (1) does not decay at infinity,
for numerical calculations, the integral should be
rewritten in the form

(4)

using the known propagator normalization property.
The intensity profiles for monochromatic harmonics
were calculated in the point grid in the range from 5 to
40 keV and then were summed taking into account the
spectrum given in [10–12]. Numerical simulation of
the images was performed using the FIMTIM pro�
gram described in [11–12].

To better understand the physics of the formation
of coherent monochromatic images, we will simplify
the problem making evident approximations. First, we
can neglect absorption and write M = 0. Since z0  z1,
we can turn to the plane�wave approximation (z0 = ∞)
and replace x0 with x and Z by z1. We also note that the
Kirchhoff propagator weakly varies at transverse dis�
tances shorter than the radius of the first Fresnel zone
r1 = (λz1)

1/2. For E = 16 keV and at the distance z1 =
30 cm, we have r1 = 4.8 µm. The transverse diameter of
almost all micropipes is 2R < r1. This means that we
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Fig. 1. Representative phase contrast images of micropipes in a silicon carbide sample among the sequences of the images regis�
tered while rotating the sample in a SR beam. Adjacent panels in the series from (a) to (d) differ in sample rotation angle by 2°.
We can see the contrast sign variation along the micropipe axes with sample orientation with respect to the beam axis.
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can disregard the term π(x1/r1)
2 in the propagator

phase in calculating the integral, which is exactly the
Fraunhofer diffraction approximation.

Taking into account these approximations, we
obtain the following expressions for function (4)

(5)

 (6)

The case where P  1 was considered in [13, 14]. In
this case, the bracketed exponent in the integrand in
formula (6) can be expanded in a power series and the
analysis can be restricted to the first expansion term.
Then we find that the characteristic size of the central
region is 2r1, and the contrast of this region is bright,
i.e., the relative intensity at the center is larger than
unity.

It is easy to understand that, when the parameter
s = 2R/r1  1, the central region’s size is defined by
the universal exponent in formula (5), and the func�
tion B(x) weakly depends on its argument in this
region at all values of P, since x0 > r1. However, it is
clear that the contrast sign depends on P. At the same
time, we have the following formula P = P0 /sinα,
where α is the angle between the micropipe axis and
the SR beam direction, and P0 is the value of P in the
case of perpendicular orientation. Even if P0  1, the
reverse situation can be obtained, i.e., P  1, as the
angle α decreases. Let us consider the relative intensity
I(0) = |a(0)|2 at the image center as a function of the
parameter P at various values of parameter s. The ana�
lytical expression for integral (6) has a complex form
and is inapplicable for analysis.

Figure 2 shows the dependences of I(0) on P,
numerically calculated for s = 0.3, 0.6, and 0.9. As fol�
lows from the calculated results, at small P no larger
than unity, the image at the center exhibits bright con�
trast which is proportional to both P and s. This result
was analytically obtained in [13, 14]. However, as the
parameter P is further increased, the intensity at the
center reaches a maximum and then decreases to neg�
ative values. In other words, the contrast sign changes
from bright to dark. It is noteworthy that the depen�
dence is oscillatory, i.e., the dark contrast again trans�
forms to bright and vice versa as P increases.

To compare the calculated monochromatic images
with the images obtained in experiments with a white
SR beam, it is necessary to sum the curves correspond�
ing to different wavelengths, taking into account the
actual radiation spectrum. Since the parameter P
depends linearly on λ (see (3), where δ ∝ λ2), at large
values of P and taking into account the large width of
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the radiation spectrum from the bending magnet, it is
impossible to detect contrast oscillations in the depen�
dence of the tilt angle α; if the latter is small, the con�
trast is always black. This result follows from the
FIMTIM calculations illustrated in Fig. 3, where the
intensity profiles for the micropipe with a round sec�
tion 3 µm in diameter at a distance of 30 cm from the
sample are shown. All other parameters for the SR
source in Pohang are standard: the effective source size
is 60 µm, the source–sample distance is 34 cm, and
the SiC wafer sample thickness is 490 µm.

Figure 3 shows six curves at various tilt angles of the
micropipe axis to the SR beam direction. These values
(in degrees) are shown in plots. The first curve corre�
sponds to the perpendicular orientation. In this case,
the contrast is relatively weak, and the intensity at the
center is higher than the background: the image is
bright. As the tilt angle decreases, the contrast initially
increases retaining its shape; then, the intensity at the
center gradually decreases, the contrast becomes dark;
at very small tilt angles, the contrast decreases again.

CONCLUSIONS

Phase contrast images of micropipes in silicon car�
bide change contrast sign when the sample is rotated in
a SR beam. The cause of this effect is such a change in
the micropipe axis direction that it makes a small angle
with the beam direction. In this case, the size of the
longitudinal micropipe section by the beam increases.
When using monochromatic radiation, the depen�
dence is oscillatory. In white SR, the summation of
curves corresponding to different wavelengths λ, tak�
ing into account the actual radiation spectrum, leads
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Fig. 2. Dependence of the relative intensity of monochro�
matic radiation at the image center on the dimensionless
parameter P at various values of the parameter s, equal to
0.3 (curve 1), 0.6 (curve 2), and 0.9 (curve 3). The calcula�
tion is performed by formulas (5) and (6) at x = 0.
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to averaging of the oscillations, and the resulting con�
trast is always black.

The effect determined and described in this study
does not prevent the study of microscopic object mor�
phology in white SR. Knowing the cause, a sample can
be prepared and an experiment can be performed so
that the contrast change would not complicate the
reconstruction of three�dimensional tomographic
images.

The simulation of images confirms the conclusions
of the theory of defects about the reactions of
micropipes in regions of their dense groups. Entering
into the reactions, micropipes move parallel to the
growth front toward each other and to other defects.
The estimates of the tilt angles at which the black con�
trast appears do not contradict micropipe deviations
from the growth axis, caused by the reactions [6–9].
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Fig. 3. Dependences of the relative intensity of a white SR beam on the transverse coordinate x for various angles between the
micropipe axis and the SR beam direction. The angles in degrees are indicated in the panels. The calculation was performed by
the FIMTIM program for typical values of parameters corresponding to the experimental conditions.


