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The 3C-6H polytypic transition in SiC as revealed by diffuse x-ray
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The 3C-6H polytypic transition in SiC single crystals is studied by means of diffuse x-ray scattering.
Based on numerical simulations of the diffuse scattering intensity distribution we unambiguously
prove that the 3C-6H transition in SiC occurs through the glide of partial dislocations and not by the
“layer displacement” mechanism (i.e., local diffusional rearrangement of the Si and C atoms). The
technique is extremely sensitive and can be used as a nondestructive mean to obtain statistically
relevant values of the transition level down to ~0.05%. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3141509]

Cubic silicon carbide (3C-SiC) is a wide-band-gap semi-
conductor of high interest for high power, high frequencies,
and harsh environments operating devices. Important efforts
have therefore been directed to optimizing the growth con-
ditions of 3C-SiC films,' characterizing their electronic” and
structural®* properties. However, despite decades of studies,
the crystalline quality of 3C-SiC single crystals is too poor to
allow their effective integration in electronic devices. Bulk
growth of high quality 3C-SiC ingots still is an issue as the
high temperatures required to grow SiC (>1900 °C) usually
promote the solid-state 3C-6H polytypic transition through
the formation of a large number of planar defects (mainly
stacking faults, SFs).” Even if recent attempts could pave the
way of 3C-SiC bulk growth,6 a thorough study of such a
transition is one of the key for a real development of 3C-SiC
material.

Up until now, the mechanism involved in the 3C-6H
transition in SiC single crystals is still not clearly identified.
This question has been first tackled by Jagodzinski7 and
Krishna and Marshall® both using x-ray diffraction photo-
graphs. Both studies concluded that the transition occurs in
the solid-state through a “layer displacement” mechanism
where two 3C sequences, ABCA[BC], are transformed into a
6H sequence, ABCA[CB], by local diffusional rearrangement
of the Si and C atoms in the two last layers (indicated by the
square brackets). Contradictory results have been obtained
by Pirouz and Young9 using high-resolution transmission
electron microscopy. They suggested that the transformation
occurs through the glide of partial dislocations, so that the
initial regular stacking is successively transformed into
ABCA|CA and ABCAC|B (the staking fault associated with
the partial is indicated by the bar). The 3C-6H transition in
SiC single crystals has also been investigated using Raman
scattering,m although no direct information regarding the
transformation mechanism could be obtained by this tech-
nique. In this letter we report on high-resolution diffuse x-ray
scattering (DXS) experiments performed on 3C-SiC single
crystals undergoing the 3C-6H polytypic transition. First,
with the aid of numerical simulations, we show that the

YElectronic mail: alexandre.boulle @unilim.fr.

0003-6951/2009/94(20)/201904/3/$25.00

94, 201904-1

analysis of experimental DXS intensity distributions allows
an unambiguous determination of the mechanism involved in
the 3C-6H transition. Second, contrarily to the techniques
mentioned above, we demonstrate that the quantitative com-
parison of experimental DXS profiles with numerical simu-
lations allows to straightforwardly obtain the transformation
level.

In the present study, three different samples are ana-
lyzed. All crystals are 10X 10 mm?, 250-um-thick, (001)-
oriented 3C-SiC provided by HAST Corporation. The first
sample (sample 1) is a high quality (i.e., untransformed)
3C-SiC crystal. Sample 2, is a low quality sample where the
3C-6H transition occurred during crystal growth. Finally,
sample 3 is of the same type than sample 2 and has been
annealed at 1700 °C during 5 h in order to promote the
transformation. DXS experiments were conducted on a labo-
ratory equipment mounted on a high power x-ray source
coupled with a four reflections Ge(220) monochromator and
equipped with a curved position sensitive detector (PSD)."
The x-ray beam is 100 um thick and 10 mm wide. Maps of
the scattered intensity including the (002) and (113) reflec-
tions of 3C-SiC were recorded for each sample (Fig. 1). A
schematic representation of the scattering geometry and the
area scanned in the reciprocal space is shown in Fig. 1(f).

The map corresponding to sample 1 [Fig. 1(a)] exhibits
two intense and narrow spots corresponding to the (002) and
(113) reflections of 3C-SiC. The magnification of the (002)
reflection [Fig. 1(d)] reveals that the reflections are streaked
along directions making an angle ¢=~355° with the [001],
direction (the subscript ¢ stands for cubic), which is the sig-
nature of the presence of SFs lying in the {l11} planes
(¥111),001)=54.74°). The streaks are symmetric with respect
to the center of the reflection and their intensity is relatively
weak which indicates a low density of randomly distributed
SFs.* On the contrary, in the map corresponding to sample 2
[Figs. 1(b) and 1(e)] the streaks extend throughout wide re-
gions of the reciprocal space and their intensity is much
more pronounced. Finally, in the map corresponding to
sample 3 [Fig. 1(c)] there is an intense and inhomogeneous
streak of diffuse intensity joining the (002) and the (113)
reflections. In terms of the equivalent hexagonal axes ~ (i.e.,

© 2009 American Institute of Physics
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FIG. 1. Reciprocal space maps including the (002) and (113) reflections of
3C-SiC corresponding to sample 1 (a), sample 2 (b), and sample 3 (c). The
scale bar, shown in (b), is given reciprocal lattice units (i.e., in units of k).
For sample 1 the reflections are indicated by the dashed circles. Insets (d)
and (e) are 12X magnifications in reversed contrast of the (002) reflection
evidencing the diffuse streaks. The streak labeled “PSD” is due to the trans-
mittance function of the PSD. In all cases the intensity is plotted logarith-
mically. Inset (f) is a schematic representation of the scattering geometry.
The area scanned in reciprocal space is shown as the gray rectangle and the
spheres correspond to the reflections of 3C-SiC. K; and K, are the wave
vectors of the incident and the scattered radiation.

Intensity

L (r.lu.)

FIG. 2. (a) Intensity distribution along the [10L], row. The labels (1-3)
correspond to sample 1-3, respectively. The black curves (black circles)
correspond to the experimental data. The gray curves are the calculated
intensity profiles with the dislocation-based model (squares) and the layer
displacement model (diamond). The curves are shifted vertically for clarity.
The dashed arrows indicate features in the diffuse scattering structure that
are perfectly reproduced with the dislocation-based model and that the layer
displacement model fails to reproduce. (b) Enlarged view of the L
=1.5-2.5 region evidencing the quality of the simulation (black circles:
experimental data; gray line: simulation with the dislocation model).
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[001],lI[111], and [100],lI[-110],) the streak direction cor-
responds to the [ 10L];, direction, where L=2 and L=5 for the
(002) and (113) reflections, respectively. The increase in the
DXS intensity together with its inhomogeneous character
suggests a high density of planar defects that are nonran-
domly distributed throughout the crystal, i.e., the 3C-SiC
crystal is probably partly transformed.

The intensity distribution in the diffuse streak [black
curves, Fig. 2] clearly shows an increase in the DXS inten-
sity as well as an inhomogeneous distribution of this inten-
sity when moving from sample (1) to sample (3). These pro-
files have been interpreted with the help of numerical
simulations of the scattered intensity. It must be emphasized
that when L is varied from 1.5 to 5.5, the corresponding 26
angle spans an ~42° range so that all #-dependent terms
have to be correctly be taken into account. In the framework
of the kinematical scattering theory12 the intensity distribu-
tion along the [10L],, row can be written

I(L) =k5V(0)L(0)P(())j dL'R(L")I(L-L")+b, (1)

where the scale factor k& and the background b are constants
for a given set of experimental conditions (incident beam
intensity, counting time, etc.). SV(#) is the variation of the
irradiated volume during the experiment, and writes sin(6
+ @) /[sin(0+ p) +sin(0— P)], where ¢ is the angle between
[001] and any point along the [10L], row [see Fig. 1(f)].
L(6)=1/sin 20 is the Lorentz factor and P(6) is the polariza-
tion factor, which, using a four reflections Ge(220) mono-
chromator, can be written (1+cos® Og(00) cos® 6)/2. R(L) is
the resolution function of the diffractometer. In the present
case it has the shape of a Gaussian function the width of
which can be precisely evaluated."' Finally, I,(L) is the in-
tensity scattered from the sample. This term contains the
information regarding the stacking sequence in the crystal
and is therefore sensitive to the mechanism involved in the
transition.

Within the formalism of Kabra et al."® the intensity dis-
tribution along the [10L],, row in a partly transformed crystal
can be written

L(L) = ClfolL.+2(1 - O)lfy|?

N-1 n-1
DD o expl—27i(N = n)L/3] - agJ,
X R n=1 m=0 .
> a, exp[-2minL/3]
n=0

2

The first term on the right-hand side of Eq. (2) is the coher-
ent part of the scattered intensity, the intensity of which is
modulated by a Debye-Waller—like factor (Ce[0,1])
which depends on the faulting structure and the defect den-
sity. The coherent intensity /. depends on the size and shape
of the crystalline domains over which diffraction is coherent
(mosaic domains).]4 It turned out that finite size effects could
be safely neglected here, so that in the following the mosaic
domains have been assimilated to cubes with dimensions
(6 wm) much larger than the diffractometer coherence
length. f is the structure factor of a single “SiC” layer. The
second term on the right-hand side of Eq. (2) is the diffuse
scattering due to the presence of faults. Both J,, (the pair
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correlation function) and a,, (the coefficients of the “charac-
teristic equation”) can be calculated analytically assuming a
certain transition mechanism and therefore a particular fault-
ing structure. For the dislocation-based mechanisms it comes
C=0, N=6; the expression of J,, and a,, are given in Ref. 13
(p. 1657) and solely depends on the transformation level, 7.
For the layer displacement mechanism, C=[(1+27)/(1
+57)]* and N=5. The expressions of J,, and a, are not given
in Ref. 13. We derived the coefficients and obtained 7w?, 7w,
7, 70?, T and 1 for a, to as, respectively [w=exp(2mi/3)].
For J, we obtained Jy=[6w’m+37(1+w+8w?)]/D,
Ji=[-3?m4+3(w-4w*=2)]/D, J,=[37(1-w)?]/D, Js
=[37(1+w-20?)]/D, J,=[37(w+w’-2)]/D, and D
=w*(1+57).

An important assumption made in deriving Eq. (2) is that
the whole crystal is transformed simultaneously. However,
considering the very large lateral dimensions of the crystals
(10X 10 mm?) this is very unlikely to happen. Moreover
this assumption is contradictory with the analysis of the
transformation using Raman scattering10 which proved that
the transformation is initiated at the surface and then propa-
gates into the crystal volume. In the volume probed with the
x-ray beam both transformed and untransformed areas cer-
tainly coexist so that we finally write the intensity scattered
from the sample as

L=x 1+ (1-x)I, (3)

where x, is the volume fraction of transformed material.
The best simulation results [using Egs. (1)—(3)] obtained
for the dislocation-based model (square) and the layer dis-
placement model (diamond) are shown in Fig. 2. Let us first
consider the data corresponding to sample 3. The major re-
sult of this analysis is that the dislocation-based model fits
the DXS intensity distribution over the whole investigated
L-range. On the contrary, the layer displacement model
clearly fails to reproduce the observed data. This simple re-
sult provides an unambiguous proof that the 3C-6H transi-
tion occurs through the glide of partial dislocations and not
by local diffusional rearrangement of the Si and C atoms.
The relevance of this result can be attested by the inspection
of the enlarged view of the (002) reflection [Fig. 2(b)]: the
model perfectly fits the data over approximately four orders
of magnitude whereas there are only two fitting parameters
(the transformation level 7and the volume fraction x,) for the
whole angular range considered. It must be emphasized that
although the same theoretical basis is used, this result is op-
posite to the conclusions of Kabra et al.”® This discrepancy
can be explained by the fact that their study was based on the
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analysis of x-ray photographs. This prevented them to access
the fine structure of the diffuse scattering which is yet man-
datory to clearly distinguish the different mechanisms [see
Fig. 2(a), sample 3]. The overall transformation level 7X x, is
straightforwardly obtained from the simulation procedure.
We obtain 0.05%, 1.6%, and 4.3% for sample 1-3, respec-
tively, which shows that even a very low transformation level
produce significant effects in terms of diffuse scattering.

In summary, the interpretation of the diffuse x-ray scat-
tering allowed us to prove unambiguously that the 3C-6H
transition in SiC occurs through the glide of partial disloca-
tions. Moreover, this method is non destructive and provides
averaged, statistically relevant measurements the transition
level. A detailed knowledge of this polytypic transition in
SiC will be of great help for the development of high quality
and high performance 3C-SiC materials and devices.
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