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X-ray two-beam topography for quantitative derivation of phase shift by crystalline dislocations
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Quantitative evaluation of crystalline dislocations is gaining importance in order to realize functional materials
with ultimate performance. X-ray topography has been an important tool to evaluate the crystalline dislocations
in bulk in a large volume, but the research up to now lacks the analysis to derive the phase at the image plane and
such a situation prevents us from obtaining knowledge of lattice planes around the crystalline dislocations. Here
we report a method that enables us to obtain such knowledge in a crystal using an x-ray two-beam topography
at the kinematical diffraction regime. It can quantitatively derive the phase shift by the Bragg reflection around
the crystalline dislocations. We observed an x-ray vortex wave field from a silicon carbide crystal containing a
screw dislocation which almost perfectly agrees with simulations. This method will clarify the distribution and
network of the threading screw dislocations and other dislocations in a large field of view.
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I. INTRODUCTION

The importance of crystal lattice engineering is growing
rapidly. For example, threading screw dislocations (TSDs)
significantly reduces the breakdown voltage that can be raised
by excluding TSDs when silicon carbide (SiC) crystals are
utilized in high-power electronic devices [1]. The TSDs were
traditionally observed by x-ray topography [1-3], scanning
microbeam diffraction methods, and reticulography [4]. These
methods, however, did not provide any clear knowledge of
the lattice planes around the TSDs. Therefore, the details of
the network of TSDs in a large field of view (FOV) could not
be clarified by these measurements. We propose here a method
of x-ray two-beam topography by which we can determine
the phase at the detector plane that is directly related to the
deformation of lattice planes around dislocations. The large
FOV available by our method provides the knowledge of
the network of TSDs and other dislocations, a key factor for
the industry to reduce the density of TSDs in SiC crystals.

Our two-beam x-ray topography uses Bragg reflection
from an offset area of a TSD as the reference, instead of
adding a crystal as in the case of the Moiré topography [5].
We also use the Bragg reflected wave field from a crystal
containing dislocations at a kinematical diffraction condition
by setting the crystal at the off-Bragg condition. This method
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is an analog of the weak-beam method in the diffraction
contrast imaging of electron microscopes [6]. This condition
reduces the complexity of multiple diffraction around dislo-
cations much more than the case of dynamical diffraction
condition. The Bragg reflected wave fields can be simulated
by the Fourier transform of the electron density in the crystal
without such difficulty as faced in the dynamical diffraction
condition [7,8].

Our technique enables us to quantitatively derive the phase
shift by the Bragg reflection from the crystalline dislocations.
This was exemplified by observing a fork pattern in the ex-
perimental interferogram which manifested the generation of
an x-ray vortex wave field, an analog of the visible one [9,10]
with various applications [11-14], from a crystal containing a
screw dislocation. The pattern agreed well with the computer
simulation. Without iteration calculations, this method solves
the phase problem at the detector plane which other meth-
ods using only one beam suffer. While transmission electron
microscope and Bragg coherent diffractive imaging [15] can
provide much higher spatial resolution than our case of around
4 um or so, our method has a complementary role due to a
much relaxed sample size constraint, up to millimeter scale,
of bulk crystalline specimens. The spatial resolution of around
4 um or so is limited mainly by the doubled core radius of the
TSD, calculated for the present experimental condition. This
method will clarify the distribution and the network of TSDs
and other dislocations in a large FOV.

II. EXPERIMENTAL SETUP

For the two-beam topography experiment, we utilized
a large 4H-SiC wafer with a size of approximately
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FIG. 1. (a) Nomarski differential interference contrast micro-
scope image of the surface of SiC wafer after Si-vapor thermal
etching. A quasicircular edge of the etched region was observed
around TSDs with an approximate diameter of 1 mm. (b) X-ray
topograph image around the center of grid 1 shown in Fig. 1(a). Black
arrows show parts of grid 1. (¢) LEECC image at the focus condition
observed at the center of grid 1, where a spiral pattern corresponding
to the TSD is clearly observed. The scale bars are (a) 1 mm and
(c) 1 yum.

10 x 10 x 0.2 mm? containing TSDs. The stress of lattice
planes was eliminated and clean surfaces at an atomic level
were obtained by the Si-vapor thermal etching at a temper-
ature of 1800 °C. For alignment, square grids of 1 x 1 mm?
were formed around the cores of TSD by laser processing
[Fig. 1(a)]. The x-ray topograph image shown in Fig. 1(b)
shows that the core of TSD, elongated due to the grazing
incidence, appears dark at the Bragg condition. By etching
the surface of the wafer, the existence of TSDs on the wafer
was confirmed by their screw features in a low-energy electron
channeling contrast (LEECC) image [Fig. 1(c)].

To measure the phase distribution in the reflected wave
downstream of a SiC crystal, we constructed an x-ray
wave-front dividing interferometer [16—18] at an undulator
beamline, BL29XUL [19] in SPring-8, Japan. The gap of
the undulator was set to be 12.21 mm to equalize the first-
order harmonics to be 7.71 keV. The x-ray beam energy from
the in-vacuum undulator was monochromatized by a silicon-
double-crystal monochromator in the transport channel. To
avoid the vertical vibrations of the light source and monochro-
mator crystals, we devised a stable and reliable interferometer
as follows.

This interferometer uses a one-dimensionally focused x-
ray beam in the vertical direction which passes through a slit at
the focal plane to realize a stable virtual source. To focus, we
used the parabolic mirror set at the second part of the double
total reflection mirrors in the transport channel [20]. The graz-
ing incidence angle was set to be around 1.3 mrad to realize
F ~ 12.7 m and realize focusing at around L; = 17.3 m from
this mirror. By scanning the 10-um-width slit, the vertical
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FIG. 2. Schematic diagram of a wave-front dividing two-beam
interferometer with a diamond prism splitter. The interference fringes
are formed at the overlap of x rays due to the refraction angle of A6,
by the prism. The images of TSDs in the interferogram are formed
at positions A and B. Here L,, L,, L3, and L, correspond to distances
between the parabolic mirror-vertical slit, vertical slit-prism, prism-
SiC crystal, and SiC crystal-image sensor of 17.3, 44.3, 3.6, and
0.07 m, respectively.

focused beam size was measured to be around 15 um
(FWHM). In this focal spot, we placed a 10-um-width slit and
realized a bright virtual source.

The wave-front dividing two-beam x-ray interferometer
consists of a diamond prism, set at a location of L, = 44.3 m
from this 10-um-width slit, which refracts a part of the wave
field in the vertical direction perpendicular to the horizontal
Bragg reflection plane of the SiC crystal (Fig. 2). One of
the wave fields irradiates an offset position from the center
of the TSD, working as a reference wave which is approxi-
mated by a plane wave, while the other wave field irradiates
the center of the TSD, which receives a specific phase shift
(Fig. 2). The grazing incidence angle on the prism was chosen
to be approximately equal to 17° to realize the refraction
angle of A, = 38 urad and the interference fringe spacing of
df = /A6, = 4.2 ym, resolvable by our x-ray image sensor.
The distance between the prism and crystal was chosen to
be L3 = 3.6 m so that the width of the interference region,
L3 A6, = 140 um, is large enough to cover the lattice planes
around the TSD.

X-ray image sensor is composed of a scintillator, a lens
coupled visible light optical system, and a scientific comple-
mentary metal-oxide semiconductor camera [21] with a 20x
lens with an effective pixel size of 0.325 um. It was placed
downstream of the SiC crystal with the distance between the
crystal and image sensor Ly = 7 cm as shown in Fig. 2. The
distance L4 was carefully chosen so that the images of TSDs
passing through the two paths are clearly separated in the
vertical direction at A and B in the interferogram (see Fig. 2).
Our method enables us to investigate the nature of TSDs
without severe thickness and size limitations of the samples.

III. COMPUTER SIMULATION

We now perform a kinematical diffraction simulation of
the Bragg reflected x-ray wave field downstream of a SiC
crystal, which contains a TSD on the (0004) plane. For this
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FIG. 3. (a) Schematic diagram showing the definitions of the
variables used for deriving Eq. (1). Here G on the dotted line and
G on the solid line correspond to points on a perfect lattice and a
deformed lattice, respectively, and g(7), ii(7), and 7 correspond to the
reciprocal lattice vector, displacement vector, and atomic positions
on the displaced lattice, respectively. (b) Summary of the kinematical
diffraction simulation. Here k; and k¢ are incident and exit waves
and ¢ is the azimuthal angle around TSD. The calculated phase and
amplitude of the x-ray Bragg reflected wave field downstream of a
crystal with a TSD are shown on the left, exhibiting a donut intensity
profile and a spiral phase distribution with a phase jump of 2. They
indicate that an x-ray vortex is generated at the reciprocal space. A
TSD on SiC(0004) plane was assumed and the number of the atoms
in the calculated model was 101 x 101 x 101. (c) Phase terms in (i)
pass A, (i) pass B and (iii) both pass A and B as shown in Fig. 2. (iv)
Simulated interferogram.

simulation, the scattering factor
S(G) x fexp[—Zyrigw(?) <Uu(7)lexp(—2mwig - 7)dv (1)

is calculated, where §, g(7), ii(#), and 7 correspond to a
scattering vector, a reciprocal lattice vector, the displacement
vector, and an atomic position of deformed crystal lattice,
respectively [see the caption of Fig. 3(a) for details]. The dis-
placement vector #(7 ) is parallel to g(7 ), with g(7 ) - ii(¥) = ¢
around the TSD. The simulated result shows a destructive
interference in the Bragg reflected beam which induces an
x-ray vortex wave field at the reciprocal space, as shown in
Fig. 3(b). The interferogram in Fig. 3(c iv) shows two reversed
Y-forked patterns separated by an amount of shear Ly A6,.!

! Assuming phase term due to TSD of ©(y), reflected amplitude
of a4 =exp(i®(y)) + exp(—2miy/dy) through pass A and az =
exp(i®(y — L4 Ab,)) x exp(—2miy/ds) + 1 through pass B are ob-
tained. See Fig.2 for the definition of axis y.
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FIG. 4. (a) Measured rocking curve at a region shifted from the
center of TSD in grid 1 in Fig. 1(b). (b) Interferograms obtained at
the grazing incidence angle denoted by b in (a), corresponding to the
off-Bragg condition (offset angle A6 = 10”). The measured reflec-
tivity at angle b was about 5.5% compared to that of the Bragg peak.
Two Y-shaped fork patterns with reversed orientations were observed
which are separated by the amount of shear. The exposure time in
(b) is 20 s and the scale bar is 10 um. (¢) Simulated interferogram in
the kinematical diffraction regime.

IV. EXPERIMENTAL RESULT

The observed rocking curve, measured away from the core
of the TSD in grid 1 in Fig. 1(b), is shown in Fig. 4(a). The
measured Darwin width is approximately 9”. Interferograms
are recorded by setting the incidence angle at the off-Bragg
condition with A = 10”. It realizes a weak-beam condition
with the measured reflectivity of 5.5% relative to the Bragg
peak and the multiple diffraction effect is negligible, as dis-
cussed in the next paragraph. The interferogram showed two
Y-shaped fork patterns with reversed orientations, which are
separated by the amount of shear [see Fig. 4(b)]. It agrees
well with the simulation in the kinematical diffraction regime
shown in Fig. 4(c). It indicates that an x-ray vortex with
a topological charge of 1 is formed in the Bragg reflected
wave field. It clearly showed that our two-beam topography
enables us to quantitatively derive the phase shift by the Bragg
reflection from the screw dislocation as simulated by Eq. (1)
and Fig. 3(b). The radius of the two dark spots appearing in
the interferogram, corresponding to the core of the TSDs, is
2 um. The spatial resolution for detecting TSDs is estimated
by doubling this radius to be around 4 um.

We then check whether the offset angle selected in the
experiment (A6 = 10”) with a measured x-ray reflectivity of
R =~ 0.055 [Fig. 4(b)] is appropriate for suppressing the mul-
tiple diffraction effect. The off-Bragg condition reduces the
multiple diffraction and diminishes the Pendellosung effect
on the reflectivity. When the amplitude reflectivity r of a sin-
gle lattice and negligible x-ray attenuation inside the crystal
are assumed, differences of R = r?(1 + r2+)* >~ 0.055 (for
multiple reflections) and r* ~ 0.052 (calculated from R) are
extremely small, which guarantees the negligible contribution
of multiple reflection. Moreover, the multiple diffraction is
excluded in the proximity of the core of the TSD due to the
huge inclination angle variation of lattice planes.

V. CONCLUSION

We have proved that our x-ray two-beam topography
is useful for quantitative derivation of the phase shift by
the Bragg reflection from the crystalline dislocation at a
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kinematical diffraction condition. It enables us to detect an
x-ray vortex wave field formed at a crystal containing a
screw dislocation. The experimental result agreed well with
a simulation and showed a large potential of x-ray two-beam
topography to precisely elucidate the lattice planes around
crystalline dislocations without severe limitation of crystal
size and without an additional crystal for reference. This
method will clarify the distribution and the network of thread-
ing screw dislocations and other dislocations in a large field

of view and should play an important role in the reduction of
threading screw dislocations dramatically in the near future.
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