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INTRODUCTION

Silicon carbide crystals grown by sublimation con�
tain crystal structure defects such as stacking faults,
dislocations, dislocation micropipes, and microvoids.
There is the correlation between poor characteristics
of SiC�based devices and their structure defectness
[1]. Micropipes and microvoids formed in the crystal
volume during growth are especially dangerous, since
they cause degradation of devices and can completely
disable them. Progress in SiC crystal growth technol�
ogies led to the appearance of samples with very low
micropipe concentrations, i.e., ~0.7 cm–2 [2]. How�
ever, production of SiC�based devices of power semi�
conductor electronics requires a further decrease in
the density of these defects [3]. Therefore, it is impor�
tant to detect micropipes during crystal production to
adequately estimate the yield of high�quality devices.

Defect transformation during crystal growth is
characteristic of silicon carbide. Defects of different
types can interact, merge, dissociate, be annihilated,
and change their nature. Micropipes dissociate with
the formation of screw dislocations [4, 5]. They react
with each other [6, 7] and boundaries of inclusions of
other polytypes [7–9]. The interaction of micropipes
is accompanied by changing their cross�section sizes
[6, 7, 10]. The micropipe morphology is controlled by
both the type of dislocations connected with them [11]
and the conditions of their nucleation and interaction
[6–9]. The interaction of defects causes a change in
their density distribution, which decreases due to

annihilation, dissociation, and merging processes.
Since the cross�section size and morphology of the
micropipe depend on its reactions with other defects,
the knowledge of these parameters aids in anticipating
and controlling the micropipe density.

The micropipe distribution is observed using an
optical microscope on etch pits on the SiC wafer sur�
face. The etch pit size is not equal to the micropipe
cross�section size, and the hexagonal pit shape does
not reflect its morphology. One of the direct methods
for studying the micropipe size and morphology is
X�ray topography in combination with numerical sim�
ulation of images [12, 13]. However, elastic fields of
dislocation micropipes are exposed to fields of other
defects, i.e., neighboring micropipes, dislocations,
and low�angle boundaries. When defect strain fields
overlap in topographic images, micropipe characteris�
tic determination becomes impossible.

Recently, an alternative direct method for observ�
ing micropipes, i.e., phase contrast in the synchrotron
radiation (SR) beam [6–10], was successfully devel�
oped. Third�generation SR sources have a small angu�
lar size and provide high spatial coherence of radia�
tion. At the same time, even 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. A decrease in the radiation intensity at high and
low energies is caused by the SR generation’s nature
and absorption in the sample, respectively. Therefore,
even “white” SR is in part coherent, which is quite
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sufficient for recording phase�contrast images of small
objects such as micropipes in SiC.

The technique for measuring in white SR has a
number of advantages over the use of a monochroma�
tor, i.e., high intensity, short exposure time, large
exposed area, and simple experimental equipment.
The simple scheme, high intensity, and wide wave�
length range make it possible to combine various
research methods during a single experiment, com�
bining phase�contrast imaging with alternative meth�
ods, including analytical techniques. A significant dis�
advantage of the modern approach is that obtained
information is mostly qualitative. Successful visualiza�
tion of the microstructure provokes measurements of
various characteristics, including sizes of its elements,
directly on images.

However, the phase contrast nature is such that
image sizes are not equal to sizes of imaged objects
themselves.

The problem of obtaining reliable information can
be solved by developing the methods of numerical sim�
ulation of phase�contrast images of objects of various
shape and size. Such an approach was recently pro�
posed [14] based on Kirchhoff integral calculation for
monochromatic SR harmonics followed by summa�
tion over an actual spectrum, taking into account
absorption in the sample. Slightly later, the FIMTIM
program was developed for automatic determination
of the parameters of the elliptic micropipe cross sec�
tion using the beam from the good�fit condition for

calculated and experimental profiles of relative inten�
sity. It was shown that the tube cross section can vary
not only its size, but also orientation, during its growth
[15, 16]. However, image variations depending on
micropipe sizes and cross�section shape have not been
systematically studied.

In this study, we consider an interesting feature of
phase�contrast images of micropipes, i.e., that the
image size is almost independent of the elliptic cross�
section diameter for characteristic sample–detector
distances from 10 to 50 cm.

As cross�section diameters decrease, only the con�
trast decreases. An appreciable change in the contrast
in experimental images of the micropipe as it moves
along its axis was a mysterious and puzzling phenom�
ena, since it seemed that there was no cause of such a
decrease. This mystery is explained in this paper.

It turns out that the change in the contrast is an
indication of a change in the cross section of the tube
itself, rather than a change in any condition external to
the tube.

EXPERIMENTAL

The 4H�SiC crystal studied in this work was grown
by sublimation [17] in argon atmosphere at a temper�
ature of 2200°C with a rate of 300 µm/h. The growth
axis was parallel to the [0001] direction. The crystal
was cut into wafers parallel to the growth axis.
Micropipes with axes as a rule parallel to the growth
axis were arranged almost parallel to the sample sur�
face.

Phase�contrast images were obtained at the 7B2
station (X�ray microscopy) of the third�generation SR
source in Pohang (Pohang Light Source). A bending
magnet provided effective source sizes of 60 and
160 µm in vertical and horizontal directions, respec�
tively. The source was at a distance of 34 m from the
sample. The effective emission spectrum was calcu�
lated using the initial source spectrum in the energy
range from 5 to 40 keV, which is shaped as a monoton�
ically decreasing curve. Taking into account absorp�
tion in a beryllium window 2 mm thick and in the SiC
wafer 450 µm thick, the spectrum gained a pro�
nounced maximum at an energy of 16 keV [14–16].

Samples were fixed on a holder providing move�
ment along three axes with an accuracy of 0.1 µm,
turns, and rotation about the vertical axis. The sample
surface was aligned perpendicular to the beam; the
micropipe axes were positioned horizontally in order
to use the minimum angular size of the source in the
vertical direction. Radiation passing through the sam�
ple arrived at a CdWO4 scintillator crystal 200 µm thick
and excited its luminescence. Visible light was
reflected from the specularly polished silicon wafer
and was directed to a detector with a CCD array. The
experimental scheme is shown in Fig. 1. We can see
that the light image is magnified by a lens system and
then is recorded by the detector. The image magnifica�
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Fig. 1. Experimental scheme: the synchrotron radiation
beam is upward; S is the entrance slit; O is the sample (sil�
icon carbide crystal containing micropipes); F is the scin�
tillator crystal 200 µm thick, absorbing X�ray photons and
emitting optical photons; M is the mirror; L is the lens sys�
tem magnifying the image; and D is the coordinate detec�
tor (CCD array).
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tion can be varied from 1 to 50 times. The detector
recorded images in the numerical form with a resolu�
tion of 14 bits per an array 1600 × 1200 pixels in size.
The field of view was 310 µm (H), which corresponds
to a pixel size of 0.194 µm.

As shown previously, the image sizes and structure
depend on the sample–detector distance [14–16];
therefore, this distance was varied during measure�
ments. The experimental scheme allowed variation of
this distance from 5 mm to 1.5 m. In fact, a series of
micropipe images at distances from 5 to 50 cm was
measured.

Micropipes with a cross section of the order of sev�
eral micrometers and smaller are phase objects the
contrast of which depends strongly on the tube axis
orientation with respect to the SR beam axis. The cen�
tral area of images can be both white and black; more�
over, various areas of the same tube can have different
contrasts. The numerical simulation method was
based on the assumption that the tube is homogeneous
along its axis; hence, it is sufficient to calculate the
intensity distribution in the direction perpendicular to
the beam and tube axis. This assumption is quite valid
at a tube orientation such that its axis is almost perpen�
dicular to the beam. Therefore, we studied orienta�
tions of micropipes when their axes were almost per�
pendicular to the beam and were arranged horizon�
tally, so that the contrast was formed by the vertical
(smallest) focus size.

Figure 2 shows a series of images of a region of one
micropipe obtained at various distances from the sam�
ple. Numerals in images indicate the distance in cen�
timeters. This series was specially selected to show the
feature detected in the micropipe image. In two left
images obtained at distances of 2 and 4 cm, the hori�
zontal size (cross�section diameter) monotonically
decreases when moving downward along the tube axis.
Assuming that the size of the image obtained at a dis�
tance of 2 cm correlates with the actual size of the
micropipe cross section, we can conclude that the
micropipe cross section decreases when moving
downward. However, the image contrast is very small

at short distances and special conditions are required
to detect it. Therefore, images are often obtained at
distances from 10 to 50 cm. However, the image struc�
ture changes significantly at these distances. Black
bands appear along the bright band edges; at longer
distances, additional bright bands are observed. It is
interesting that the distance between black bands
already does not change when moving downward in
these images, i.e., the intensity distribution profile in
the horizontal direction is the same at all heights. Only
the image contrast changes.

Another important feature is the fact that the dis�
tance between black bands increases with the sample–
detector distance z. This image can be scaled, and it is
easy to estimate that the scale factor is proportional to
z1/2 From this circumstance, two conclusions follow:
the micropipe image structure at long distances is uni�
versal independently of its cross sections, and actual
micropipe sizes at these distances appear only through
the contrast.

Figure 3 shows the image of another micropipe.
For this micropipe, the experimental profiles of the
relative intensity distribution in the vertical direction
in various regions along the tube axis were obtained.
Cross�section diameters were quantitatively deter�
mined by comparing the results of numerical simula�
tion of the intensity profile for various cross�section
diameters with the experimental profile. The
FIMTIM program was used. The calculation results
are shown in the figure. We can see that the transverse
tube diameter halved in the region of decreasing con�
trast. The longitudinal diameter also slightly
decreased, although it was very small as before.

THEORY

As noted in [14–16], phase�contrast images of
micropipes in the white SR beam are in fact formed as
an incoherent superposition of images for various har�
monics; in this case, the weight of each harmonic
(effective emission spectrum) should be calculated
taking into account its absorption on the path from the

20 µm2 4 10 20 30 55

Fig. 2. Series of images of an isolated micropipe, obtained at various distances given in centimeters by numerals in fragments.
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source to the detector. The consideration of absorp�
tion in the sample leads to a radical change in the
effective spectrum. It has a maximum at photon
energy E = 16 keV and sharply decreases with decreas�
ing energy. That is, even in the absence of a mono�
chromator, the actual spectrum forming the image is
localized near 16 keV. We note that it is impossible to
change—moreover, to vary—the energy in experi�
ments with the white SR beam.

To calculate the monochromatic image, the
micropipe can be represented as a quasi�linear object
that rapidly or slowly changes the phase of the wave
passing through it when moving across or along the
axis, respectively. By separating the relative intensity
profile in any cross section across the axis, we can
neglect the dependence along the axis. In this approx�
imation, the intensity profile can be described using
the single integral in infinite limits,

(1)

Here z0 is the source–object distance, z1 is the object–
detector distance, zt = z0 + z1, and Z = z0z1/zt. Thus, the
problem is reduced to calculating the convolution of
two functions, the first of which is the Kirchhoff prop�
agator

 (2)
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where λ is the emission wavelength. The second func�
tion T(x) describes the effect of the object on the
coherent wave. For small�sized objects, it is sufficient
to consider changes in the wave phase and amplitude
within geometrical optics without changing the beam
trajectories, i.e., assuming that all beams are parallel to
the optical axis. In this approximation, for a void with
an elliptical cross section in a material, we can exclude
the homogeneous sample region and consider only
wave distortion due to inhomogeneity. Then T(x) = 1
at |x| > R and, at |x| < R, we have

 (3)

Here R and R0 are the radii of the micropipe elliptical
cross section across and along the beam, respectively; the
complex refractive index of a medium is n = 1 – δ + iβ.
Doubled values of R and R0, i.e., diameters of the ellipti�
cal cross section, are a priori unknown and are to be
determined.

Since the integrand in (1) does not decay at infinity,
for numerical calculations, it is convenient to rewrite
the integral, using the propagator normalization prop�
erty, in the form

(4)

The monochromatic intensity profiles were calcu�
lated on a point grid in the range from 5 to 40 keV and
then were summed taking into account the spectrum
shown in [14–16]. The images were numerically sim�
ulated using the FIMTIM program (see [15, 16] for
more details).

A large series of calculations was performed, which
confirmed the image feature indicated in the previous
section, i.e., their universality for typical micropipe
cross section diameters no more than 2 µm at rela�
tively long distances, more than 10 cm. It turned out
that such universality is a typical manifestation of
Fraunhofer diffraction (far�field image) in phase
objects under the additional condition that the phase
shift P is less than unity.

To better understand physics of such imaging, let us
make obvious approximations and simplify the prob�
lem. In particular, we can neglect absorption, M = 0,
and since z0  z1, we can neglect the distance z0 finite�
ness and replace x0 by x and Z by z1. We note that the
condition P < 1/2 for SiC and E = 16 keV is satisfied at
R0 < 1.2 µm; however, it is exactly the most typical longi�
tudinal micropipe radius. For reference, λ = 0.0775 nm
and δ = 2.6 × 10–6. Thus, when this condition is satis�
fied, we can expand the exponent T(x) in a power
series and restrict the analysis to only the first term.

We note that the Kirchhoff propagator weakly var�
ies at transverse distances smaller than the radius of the
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Fig. 3. Image of an isolated micropipe (upper fragment)
and the dependence of transverse and longitudinal diame�
ters of its cross section on the position along the micropipe
axis. The diameters were obtained by fitting using the
FIMTIM program of numerical simulation of images. We
can see that the transverse diameter changes almost twice,
while the image size was almost unchanged.
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first Fresnel zone, r1 = (λz1)
1/2. For the above condi�

tions, at a distance of 30 cm, we have r1 = 4.8 µm.
However, the transverse radius of almost all
micropipes is smaller than this value. This means that
the term π (x1/r1)

2 in the propagator phase can be
neglected in calculating the integral, which is exactly
the typical approximation in the case of Fraunhofer
diffraction. Taking into account these approxima�
tions, for function (4) we obtain the expression

(5)

where

(6)

Here J1(z) is the first�order Bessel function. We note
that b(0) = 1.

The relative radiation intensity is a squared magni�
tude of (5). Remaining within the approximation lin�
ear in R0, we obtain

(7)

In our opinion, the formula derived allows interest�
ing conclusions. In the central image region, where
|x| < x0, the function b(x) is almost equal to unity. There�
fore, the intensity variation is independent of micropipe
cross section radii and is universal. The universal image is
shaped as a Fresnel zone plate with a bright central zone
and zone radii xn = (4n – 3)(λz1)

1/2/2. As the distance
from the center increases, the oscillation amplitude
decreases and vanishes at |x| = 3.8 x0. Then oscillations
appear again and continue to pulse in amplitude. The
degree of oscillation damping depends on the trans�
verse radius of the cross section. And the complete
contrast is scaled by the product of both radii, i.e., the
cross�section area.

In the experiments with the white SR beam, for�
mula (7) should be averaged over the effective emission
spectrum. The contrast at the central point varies very
weakly in comparison with E = 16 keV, as well as the
Fresnel zone boundaries. However, the amplitude of lat�
eral oscillations very strongly decreases. Therefore, even
a weak dependence of the contrast on the transverse
radius disappears and the intensity profile becomes com�
pletely universal. The only information on the micropipe
structure that can be obtained by the contrast at the cen�
tral image point is its cross�section area. Figure 4 shows

the universal curveC(u) = (〈I(x)〉 – 1)  where

u = x/r1,  = λr1/(23/2π2δ), and the parameters r1, λ,
and δ are calculated for E = 16 keV, which corresponds to
the emission spectrum maximum, 〈I(x)〉 is the intensity
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averaged over the effective emission spectrum. This func�
tion is independent of the distance z1 and micropipe
cross�section sizes. Hence, the experimentally measured
profile of the micropipe image intensity is described by

the formula 〈I(x)〉 = 1 + (RR0/ )C(x/r1), provided that
the above conditions are satisfied.

CONCLUSIONS

It was shown that the phase contrast method in the
white synchrotron radiation beam has limitations
when using it for imaging SiC micropipes with rela�
tively small cross sections at long distances. In this
case, the wave phase shift caused by the micropipe is
less than unity and the perturbation theory is valid,
according to which the contrast is simply proportional
to the longitudinal radius. At the same time, Fraun�
hofer diffraction conditions are satisfied in this case.
In this diffraction mode, the image is the standard
view of Fresnel zones the sizes of which depend only
on the sample–detector distance and the micropipe
transverse radius simply linearly scales with the con�
trast. As a result, the image view is standard and the
contrast allows determination of only the micropipe
cross�section area.

Therefore, to determine the micropipe morphol�
ogy, it is reasonable to obtain images at sample–detec�
tor distances as short as possible and to obtain images
at different angles between the micropipe axis and
incident beam to increase the longitudinal diameter of
the cross section. The developed theory made it possi�
ble to explain the features of actually observed images
of micropipes in SiC.
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