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Abstract

Silicon carbide (SiC) has a range of useful
physical, mechanical and electronic properties
that make it a promising material for next-
generation electronic devices.1, 2) Careful
consideration of the thermal conditions3-6) in
which SiC {0001} is grown has resulted in
improvements in crystal diameter and quality: the
quantity of macroscopic defects such as hollow
core dislocations (micropipes),7-9) inclusions,
small-angle boundaries and long-range lattice
warp has been reduced.10, 11) But some
macroscopic defects (about 1-10 cm-2) and a large
density of elementary dislocations (~104 cm-2),

such as edge, basal plane and screw dislocations,
remain within the crystal, and have so far
prevented the realization of high-efficiency,
reliable electronic devices in SiC (Refs. 12-16).
Here we report a method, inspired by the
dislocation structure of SiC grown perpendicular
to the c-axis (a-face growth),17) to reduce the
number of dislocations in SiC single crystals by
two to three orders of magnitude, rendering them
virtually dislocation-free.  These substrates will
promote the development of high-power SiC
devices and reduce energy losses of the resulting
electrical systems.
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1.  Introduction

Single crystals of the conventional electronic
materials silicon and gallium arsenide are grown
dislocation-free from molten sources by means of
the 'necking' process.18, 19) But SiC single crystals
are usually produced by a gas-phase growth
method20) in which the necking process is not
suitable, because rapid increase of crystal diameter
is impossible.

Once grown, a single crystal of SiC is usually
produced by means of c-face growth, which involves
growing the crystal along the <0001> (c-axis)
direction using a seed of {0001} substrate within an
offset angle about 10O.  The generation of defects in
a c-face-growth crystal is considerably affected by
defects in the seed crystal.  Thus, it is crucial not
only to optimize the growth conditions but also to
reduce the dislocations in the seed crystal.  We have
noticed the particular dislocation structure of SiC
single crystal obtained by a-face growth,17) and this
is the key to solving the problem.  In this Letter,
both { } and { } faces are called 'a-face',
and both < > and < > axes are called
'a-axis', because the dislocation structures of crystal
grown along both < > and < > directions
are almost the same (strictly speaking, a-axis is not
< > but < >).

2.  Dislocation structure of crystals grown
perpendicular to c-axis

First, we investigated the X-ray incident angle (ω)
scan rocking curves of the 0004 diffraction peak
spectrum obtained from 4H-SiC {0001} substrate;
the substrate was sliced from an a-face { }
growth ingot obtained using a c-face growth seed
crystal.  From this analysis, we found that c-axis
perturbation parallel to the growth direction is much
smaller than that perpendicular to the growth
direction.  The width of the peak spectrum (full-
width at half-maximum, FWHM, 27 arcsec), which
was obtained in the case that the ω-scan axis is
perpendicular to the growth direction (case A),
almost equalled that of perfect crystal (26 arcsec) in
our apparatus, indicating that there is little
perturbation in the direction parallel to the growth
direction of a-face growth crystal.  On the other
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hand, the FWHM of the peak which was obtained
where the ω-scan axis is parallel to the growth
direction (case B) was much broader.17) We surmise
that anisotropy with regard to the crystallographic
axis perturbation is peculiar to a-face growth of
hexagonal crystals.  Moreover, we found that the
FWHM (in case B) plots for various measurement
points z, which is the distance from seed crystal in
the direction parallel to the growth direction, does
not change as a function of z.  In other words, a-face
growth crystal faithfully inherits only the c-axis
variations perpendicular to the growth direction.  We
call the resultant crystal lattice distortion a
'corrugated plate' lattice.

From these results, we propose that most of
dislocations in a-face growth SiC single crystals
exist almost parallel to the growth direction with the
Burgers vectors perpendicular and parallel to the
growth direction, and the density of dislocations
hardly changes at all with changes in growth height.
That is, the 'corrugated plate' lattice is due to a high
density of edge dislocations parallel to the growth
direction.  X-ray topographic analysis found that
many edge dislocations exist parallel to the growth
direction, and so has confirmed that this model is
appropriate.  The same result was obtained with the
g vector being 0004 as with , which the g
vector is diffraction vector.  These results are
consistent with our model of dislocation structure.
In addition, almost the same results were obtained
from another a-face growth crystal-{ },
perpendicular to { }.

3.  Repeated a-face growth process

We attempted to reduce dislocations by utilizing a-
face growth and the dislocation structure of an a-
face growth crystal.  The process to eliminate
dislocations is as follows.  Step 1: a-face ({ } or
{ }) growth along the a-axis (< > or < >)
direction, using a seed sliced from a c-face growth
ingot.  Step N (N = 2, 3, 4,...): a-face ({ } or
{ }) growth along the a-axis (< > or < >)
direction, using a seed sliced from the a-face growth
ingot of the previous step (step N-1): the seed
surface orientation is perpendicular to both the
previous step's growth and <0001> directions.  Step
N+1: c-face growth, using a seed sliced from the a-
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face growth ingot of the previous step (step N): the
seed surface orientation is {0001}, with several
degrees off-axis towards the perpendicular to both
the previous step's growth and <0001> directions.

We call this the 'repeated a-face' (RAF) growth
process, because the steps of repeated a-face growth
are crucial.  To simplify, we here explain the case of
N = 2 (Fig. 1a), where N is a repeat count of a-face

growth.  In step 1, we can obtain a crystal with a
high density of dislocations, which are inherited
from the crude seed crystal, parallel to the growth
direction.  In step 2, most of the dislocations are not
exposed to a surface of the second seed, because
most of the dislocations exist perpendicular to the
first a-face growth direction, that is, parallel to the
second seed surface.  Therefore, the second a-face
growth crystal inherits fewer dislocations, and we
can obtain a crystal with much lower dislocation
density.  In addition, it may be seen that we can
reduce the dislocation density further by increasing
the repeat count N.  In step 3, we have to eliminate
stacking faults17) due to a-face growth in the step 2
growth crystal.  We can eliminate such faults by
c-face growth, because the stacking faults and partial
dislocations accompanying them are inherited only
perpendicular to the c-axis.  Moreover, we can
reduce the inheritance of dislocations by using a
seed with several degrees off-axis towards the
perpendicular to both second a-face growth and
<0001> directions, because most of the remaining
dislocations in the second a-face growth crystal are
parallel to the third seed surface.  In addition, an
offset angle of several degrees is needed to achieve
polytype stability.21)

4.  Results and discussion

Figure 1b is a schematic illustration of crystal
lattice plane distortion.  The {0001} lattice plane of
c-face growth crude seed crystal is ridged randomly.
However, that of the first a-face (step 1) growth
crystal is like 'corrugated plate' because a-face
growth crystal inherits only the c-axis perturbation
perpendicular to the growth direction from the crude
seed crystal surface.  Finally, the {0001} lattice
plane of the second a-face (step 2) growth crystal is
very flat (in other words, the lattice distortion
accompanied with a lot of dislocations is
eliminated), because there is little perturbation
inherited from the first a-face growth seed surface.
By experiment, we confirmed that the FWHM
values of X-ray rocking curves obtained from
second a-face growth crystal in both case A and case
B were almost equal to each other, both being
uniformly low.  Moreover, long-range warp of the
lattice plane was eliminated with the elimination of
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Fig. 1 Schematic illustrations of 'repeated a-face' (RAF)
growth process.  The growth sequences are as
follows.  Step 1: first a-face growth (seed and
grown crystal are shown dark blue and light blue,
respectively).  GD, growth direction.  Step 2:
second a-face growth perpendicular to first
a-face growth (seed sliced from first a-face
growth crystal, and the grown crystal are shown
dark green and light green, respectively).  Step 3:
c-face growth with offset angle of several
degrees (seed sliced from second a-face growth
crystal, and the grown crystal are shown dark
yellow and light yellow, respectively) a.  In this
figure, the first and second a-faces are { }
and { } faces.  At the bottom of
panel a are shown the major crystallographic
axes and lattice planes in the RAF process.
Dislocation characteristic of a-face growth
crystal (first a-face growth crystal and second
seed crystal of panel a) is shown by purple line.
b, Top side view, showing {0001} lattice plane
irregularities of seed and grown crystal in steps 1
and 2.  The a*-axis is perpendicular to both the
a-axis and the c-axis.
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c-axis perturbation.
Figure 2 shows plots of averaged etch pit density

(EPD) of 4H-SiC (0001) 8O off-axis substrates
obtained by the RAF process.  The repeat count
value of zero refers to the c-face growth crude
crystal.  Repeat counts one, two and three refer
respectively to the '{ } and c-face', '{ } and
{ } and c-face' and '{ } and { } and
{ } and c-face' growth crystal in the RAF
process.  As shown clearly in Fig. 2, the EPD
decreases exponentially with increase in the repeat
count of a-face growth.  This shows that dislocations
in the SiC crystal are effectively eliminated by the
RAF growth.  Moreover, we confirmed by
successive etch pit patterns and X-ray topographies
that the stacking faults and partial dislocations
exposed on the RAF seed surfaces are eliminated
perfectly by the c-face growth because the stacking
faults and partial dislocations propagate only along
the {0001} plane.  The average EPD and micropipe
density of a 20-mm-diameter substrate, taken from
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the crystal grown on RAF seed with a-face growth
performed three times (Fig. 2), were respectively 75
cm-2 and 0 cm-2.  This EPD value is lower by three
orders of magnitude than that of conventional grade
SiC substrates.  We think that a repeat count of a-
face growth greater than three will lead to a lower
EPD value and a higher crystal quality; the
experiments are now under way.  In addition, we
have investigated current-induced degradation of
PiN devices fabricated on the RAF substrate.  As
shown in an inset of Fig. 2, only a little fluctuation is
observed in forward bias (<15 mV) on the ultrahigh-
quality RAF substrate, whereas a rapid increase
occurs in the bias on the conventional grade
substrate.22) This means that the reliability of
bipolar devices is much enhanced by the RAF
process.

Next, we attempted to enlarge the crystal diameter
by the RAF process.  From the standpoint of crystal
growth, the enlargement of crystal size give rise to
various problems.  In the case of SiC crystal growth,
the effects of thermal stress and foreign polytype
inclusion are most crucial.  To maintain good crystal
quality under crystal growth, we have optimized the
crucible structures, growth conditions and seed
positioning method, and have managed both
enlargement and quality.  As a result, we have
obtained large RAF substrates, 1.5-3.0 inches in
diameter, whose averaged EPDs were lower by
about two orders of magnitude than these of
conventional SiC substrates.  We have evaluated the
crystal quality of the large RAF substrate by
synchrotron monochromatic beam X-ray topography
(Fig. 3).  As shown in Fig. 3a, crystal quality of the
RAF substrate is very homogeneous, and there are
very few macroscopic defects and dislocations; we
also found that the long-range lattice warp is very
small, with the curvature radius of the lattice
evaluated to be about 800 m.  On the other hand, as
shown in Fig. 3b, conventional grade substrate has
many macroscopic defects and dislocation networks.

5.  Conclusion

The crystal quality of RAF substrates is much
better than that of conventional substrates; we have
shown that the RAF growth process is very effective
in reducing dislocations and other defects.
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Fig. 2 Etch pit density (EPD) decay curves versus
repeat count of a-face growth, and results of
current stress testing.  Each averaged EPD was
calculated from the results of 90 observation
points within a range 20 mm in diameter.  The
inset shows forward bias fluctuation of PiN
diodes under the stress with a constant current
density.  The broken green line is that of crude
substrate22) with a current density of 160 A cm-2,
and the solid blue line is that of RAF substrate
with 300 A cm-2.



Moreover, we have succeeded in manufacturing a
large size substrate by this method, which makes
feasible commercial applications.  We consider that
it will be possible in the near future to eliminate
dislocations perfectly, and to enlarge the diameter to
several inches.  Finally, we suggest that the concept
of the RAF process can be applied to single-crystal
growth of other materials that have hexagonality in
their crystal structures.

Methods
EPD evaluation by molten KOH etching
EPDs have been considered to be the density of

dislocations exposed at the substrate surface.  The
molten KOH etching was performed at 773 K for
20-30 min in a nickel crucible.  After the etching,
etch pits were observed by optical microscopy.  The
field of view at each observation point was 870
650 μm.  The observation points were located in

tetragonal grids, and the distance between each point
was 2.0 or 3.0 mm.

Synchrotron monochromatic beam X-ray
topography
The experiment was done at SPring-8 (BL20-B2).

The topographies were taken with Berg-Barrett
geometry with the diffraction plane of 112 .
Incident X-ray energy was 11.94 keV, and
immersion depth of reflection beam was about 4 μm.
The topographies in Fig. 3 were obtained by
continuous scan of incident angle (ω), and the zebra
patterns to evaluate the curvature radius of crystal
lattice planes were taken by step scan of that.
Dislocations in the topography appear as black or
white lines or dots.
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Fig. 3 Synchrotron monochromatic beam X-ray
topographies.  4H-SiC (0001) 8 Ooff-axis
substrate, 2.0 inches in diameter, manufactured
by the RAF process (a) and a 1.2-inch-diameter
specimen manufactured by the conventional
process (only c-face growth; b).  Averaged EPD
and micropipe density of the RAF growth crystal
were about 250 cm-2 and 0 cm-2, respectively, and
those of crystal grown by the conventional
method were about 3 104 cm-2 and 30 cm-2,
respectively.  Enlarged images are shown below.
Dislocation networks are shown in the enlarged
image of b.
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