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Abstract: Sublimation growth of cubic silicon carbide
(3C–SiC)with diameters of 50 and 100mmwas performed
on freestanding homoepitaxial grown seeds. For both seeds
and sublimation grown crystals, two different relaxation
axes with varying curvature could be observed with the
higher bent axis aligned perpendicular to the original wafer
flat. A general reduction in the wafer bow independent of
the starting curvature and size of the seeds could be
observed. Using the X-ray imaging, we could observe
in situ that the bow reduction is linked to the growth
of new material and cannot be initiated by heat up or
cool down processes alone. Raman spectroscopy of the
grown crystals revealed that the observed flattening
goes along with a tensing of the seeding layers while
the surface of the crystals remains free of a stress gra-
dient. A slight concave bending of lattice planes along
the main relaxation axis could be observed by high-
resolution XRD rocking curve measurements while for
the lower bent axis, no lattice plane bending occurred.
Full width half maximum values of the (002) reflection
showed values as low as 67 arcseconds proofing the pos-
sibility to grow large-area, high-quality 3C–SiC using sub-
limation growth.

Keywords: cubic silicon carbide, wafer bow, sublimation
growth, stress analysis, in situ X-ray imaging

1 Introduction

Silicon carbide (SiC) has gathered strong interest in industry
and research for many years due to its extraordinary
mechanical, optical, and electrical properties. The high
breakdown voltage coupled with higher operation tempera-
tures and high thermal conductivity makes it superior for
power electronic applications with respect to silicon (Si) [1].
Currently, only the hexagonal polytypes, 4H and 6H, are
commercially available. Due to recent progress with respect
to the material quality [2], cubic SiC (3C–SiC) has been
brought back into the focus of intense research. Compared
to hexagonal SiC, the cubic polytype exhibits a smaller
bandgap (2.39 eV), which can help to reduce the on-resis-
tance of metal oxide semiconductor field effect transistors
(MOSFET) in the range of 200–1,200 V [3]. Furthermore, the
lowering of the conduction band minimum leads to a
decreased density of states at the SiO2/3C–SiC interface,
improving the channel mobility in MOSFETs [4]. In fact,
the highest mobilities for an SiC-based MOSFET were
reported by Uchida et al. [5] on the cubic polytype. 3C–SiC
is also the only polytype that can be nucleated directly on Si
using the heteroepitaxial chemical vapor deposition (CVD),
potentially decreasing production costs due to the use of a
cheaper starting material. A setback that comes with the use
of Si is the lattice mismatch between 3C–SiC (4.36Å) and Si
(5.43 Å) as well as the difference in thermal expansion of up
to approx. 25% (depending on the temperature) [6,7]. This
results in stress that will induce extended and/or planar
defects or can lead to wafer bending. Although it was pos-
sible to reduce both the wafer bow and defect density, the
overall material quality of 3C–SiC is still not at the same level
as for the hexagonal polytypes.

One promising approach to minimize the negative
influence that comes from the heteroepitaxial growth by
CVD was presented by Anzalone et al. [8]. After a first
heteroepitaxial growth step on Si, the substrate is in situ
molten inside the reactor and the remaining freestanding
3C layer is used as seed for consequent homoepitaxial
CVD growth. Removal of the silicon will in this case elim-
inate the stress induced during cool down based on the



* Corresponding author: Manuel Kollmuß, Crystal Growth Lab,
Materials Department 6 (i-MEET), Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), Martenstr. 7, D-91058 Erlangen, Germany,
e-mail: manuel.kollmuss@fau.de

Marco Mauceri: LPE S.P.A., Sedicesima Strada, I-95121, Catania, Italy
Melissa Roder: Department of Crystallography, Albert-Ludwigs-
Universität Freiburg, Herrmann-Herder-Str. 5, D-79104-Freiburg,
Germany
Francesco La Via: CNR-IMM, Sezione di Catania, Stradale Primosole
50, I-95121 Catania, Italy

* Corresponding author: Peter J. Wellmann, Crystal Growth Lab,
Materials Department 6 (i-MEET), Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), Martenstr. 7, D-91058 Erlangen, Germany,
e-mail: peter.wellmann@fau.de

Reviews on Advanced Materials Science 2022; 61: 829–837

Open Access. © 2022 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International
License.

https://doi.org/10.1515/rams-2022-0278
mailto:manuel.kollmuss@fau.de
mailto:peter.wellmann@fau.de


different coefficients of thermal expansion. Such material
can also be used as starting point for sublimation growth
processes, especially the so-called close space physical
vapor transport (CS-PVT). In the past, it was already pre-
sented that sublimation growth processes can help to
decrease the stacking fault (SF) density [9] and the
overall stress in the material [10] and reduce protrusion
defects based on an overgrowth mechanism [11]. More-
over, using CS-PVT even the first large-scale bulk crystals
(thickness ≥1 mm) could be realized on the mentioned
homoepitaxial CVD seeds [12]. However, mechanical sta-
bility of the seeding layers remains a problem, which is
strongly connected to wafer bowing.

In this work, we describe an in situ reduction of the
mentioned wafer bows during CS-PVT growth. Stress
analysis using the Raman spectroscopy was performed
to observe the stress distribution and connect it to the
remaining curvature of 50 and 100mm freestanding 3C
crystals. In addition, rocking curve (RC) measurements
were used to determine effects of the unbending on the
lattice planes and evaluate the overall crystalline quality
of the grown material.

2 Materials and methods

All growth runs were conducted in an inductive heated
state-of-the-art PVT reactor using two different hot zones
for the growth of 50 and 100mm crystals. The CS-PVT
hot zones were designed with respect to the so-called sub-
limation sandwich consisting (from bottom to top) of a
tantalum (Ta) foil, a solid SiC source wafer (mono- or poly-
crystalline), a graphite spacer, and a freestanding 3C–SiC
seeding layer. The distance between source and seed was
1mm for all growth runs. The Ta foil was introduced to
ensure a silicon-rich gas phase beneficial for the stability
of the cubic polytype. All source wafers were produced in
our own labs using PVT. During growth runs, the tempera-
ture was controlled using optical pyrometers at the cru-
cible top and bottom. The growth temperature was varied
between 1,960 and 2,050°C at the crucible top and the
pressure ranged between 5 × 10−3 and 3mbar, resulting
in growth rates of 50–200 µm·h−1. The gas ambient for all
growth runs consisted of argon, the growth time was
4.5–8 h, and the thickness of the grown samples was
500-1,800 µm. In total, five crystals were grown, three
in the 50mm setup using a rectangular seeding layer
(Crystals A–C) and two with the 100mm setup using a
round seeding layer (Crystals D and E). Due to the used
graphite spacers, the resulting diameter of the grown crys-
tals is slightly lower than the size of the used seeds. To

prevent backside sublimation during the growth runs, a
carbon containing backside coating was applied. For the
growth of 50mm diameter samples, the seeds were cut out
of two larger wafers using laser ablation [13]. The two
source wafers had a similar defect density and wafer
bow, thus making the results highly comparable. All seeds
were provided by LPE Epitaxial Technology Center in Cat-
ania and were grown using the CVD process mentioned in
Section 1 (in detail also described in ref. [14]). The seeds
were originally grown on an (001) oriented silicon sub-
strate with an off-axis angle of 4°. After initial heteroepi-
taxy and Si melting, the thickness of 3C was increased to
values between 200 and 400 µm.

For in situ visualization of the growth processes, a
X-ray source and detector were located on opposite sides
of the growth reactor. An X-ray tube operating at 70 kV
and 7mA acts as the source while an X-ray imaging plate
was used as detector. The exposure time was set to 2.13 s
and the visualization of the X-ray image was realized with a
digital X-ray scanner. Wafer bow measurements were per-
formed using a Zeta 300 profilometer with a 20×magnifica-
tion. By focusing on the sample surface with a predefined
pattern, the difference in z-direction between wafer center
and edge could be obtained. To compensate for thickness
variations over the samples, the thickness at each focus
point was measured and accounted in the calculation of
the wafer bow. The outermost area was excluded from the
measurement to avoid distortion by rounding effects at the
crystal edges. Raman spectroscopy was conducted on the
surface of as-grown samples as well as on polished cross-
cuts of the crystals. A Horiba LabRAM HR Evolution con-
focal Raman microscope in backscattered geometry was
used for themeasurements, operating with a diode-pumped
solid-state laser (laser power = 3.2mW), a 50× magnifica-
tion lens, and an optical grating of 1,800 g·mm−1. The laser
wavelength was 532 nm, resulting in a penetration depth of
approx. 300 µm based on the absorption coefficient of
3C–SiC. High-resolution X-ray diffraction (HRXRD) RC mea-
surements were realized with a Seifert XRD 3003 PTS using
a Cu X-ray tube, a multilayer mirror, and a Du–Mond
Bartels monochromator. The monochromator consisting of
two asymmetrical channel cut Ge (440) crystals ensures that
only the CuKα1 radiation can pass [15]. The spot size on the
sample for all measurements was 5.7mm × 12.0mm.

3 Results and discussion

Figure 1 shows the wafer bow measurement of a typical
seeding layer for the growth of a 50mm crystal. All used
seeds had a convex-shaped bow when viewed from the
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original CVD growth side. As a consequence of the hetero-
epitaxial growth of the seeds on off-axis orientated Si,
the symmetry of the cubic lattice is broken, resulting in
two nonequivalent relaxation axes [16]. Consequently,
also two different curvatures are visible along the direc-
tion parallel and perpendicular to the original wafer flat.
We observed that the higher bent axis was perpendi-
cular to the original wafer flat for all analyzed samples
(seeds and grown crystals), which is in agreement with
ref. [17]. The calculated curvatures along the two axes
for the seed in Figure 1 are 0.06 and 7.24 m−1. After CS-
PVT growth, the wafer bow for the crystal is reduced
(Figure 1). Note that the outermost area was covered
by the spacer during the growth (marked by the dashed
line), resulting in the height difference between the
sample center and the edges. Besides the overall reduced
wafer bow, the difference in curvature along the two relaxa-
tion axes has been decreased during the sublimation
growth. The corresponding curvatures are −0.30 and 1.02m−1

after the growth run. The negative sign corresponds to a
convex formed bending. The deflections at the lower edge
can be attributed to agglomerations of protrusion defects,
which will influence the focus point of the profilometer as
well as the thickness measurement at this position.

A similar bow reduction could be observed for all
growth runs independent of the sample size, growth tem-
perature, or growth pressure. Figure 2 shows a 50mm
(Crystal A) and 100mm (Crystal E) growth run in compar-
ison. The curvature along the higher bent axis has a convex
shape while along the other axis, only a small deviation in
the vertical displacement can be seen. Although the overall

vertical displacement for Crystal E is higher, the curvature
of the two samples along the higher bent axis is approxi-
mately the same with −1.81m−1 for Crystal A and −1.58m−1

for Crystal E. Different to all other growth runs, Crystal E
was grown on the former Si/3C–SiC interface side. In this
case, the starting curvature is concave for the growth pro-
cess. Independently, a reduction in the wafer bow could be
realized during CS-PVT. The isotherms of the temperature
field inside our used growth cells are flat by design. From
the bulk SiC growth of hexagonal polytypes, it is already
known that the growing crystals tend to adapt its form to
the shape of the isotherms [18]. We assume that the same
will happen during CS-PVT. Therefore, bow reduction
should be possible for a free, non-fixed seeding layer inde-
pendent of the starting curvature, which is consistent with
our observations.

Figure 3 shows an image series taken during a 50mm
growth run using the X-ray imaging setup described in
Section 2. The growth rate was chosen to be low (approx.
50 µm·h−1) to see even small changes that occur during
the growth run. The seed was aligned in a way that the
stronger bended axis was perpendicular to the radiation
path of the X-ray source. The inserted seeding layer
(215 µm thickness) had a clearly visible bow (Figure 3a),
which does not disappear or decrease during the heat up
of the reactor (Figure 3b). In a former work [12], we
already discussed that the reduction in the wafer bow
cannot be initiated by a temperature treatment alone but
additional material growth is necessary. After 2 h, already
a slight reduction in the curvature can be observed, reveal-
ing that the relaxation will start before the layer grown by

Figure 1: Wafer bow measurement of a typical used seeding layer (left) and corresponding crystal after CS-PVT growth (right). For the
seeding layer, two different relaxation axes – one vertical and the other horizontal – can be identified. After CS-PVT growth, the difference in
curvature along the two axes as well as the overall wafer bow is decreased. The area inside the dashed line marks the area on which
sublimation growth was conducted while the outer area was covered by the used graphite spacer.
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CS-PVT has reached the thickness of the used seeding layer.
This can be seen most easily at the edge of the seed in
comparison to the non-deforming graphite spacer. During
the remaining growth time, a further reduction in the wafer

bow occurs (Figure 3c–e). At the growth end, the curvature
has vanished in a way that the remaining bow could not be
resolved with the used imaging setup (Figure 3e). During
cool down of the system, no further effects could be

Figure 2: Comparison between a 50mm (left, Crystal A) and a 100mm (right, Crystal E) CS-PVT-grown 3C–SiC crystal. For both samples, two
different curvatures along the two-relaxation axes can be seen. Although the starting curvature for the larger sample was concave, a
reduction in the overall wafer bow could be realized.

Figure 3: In situ X-ray imaging of a 50mm growth run (Crystal C). (a) Reference image after the hot zone was inserted in the growth setup,
(b) after the growth temperature was reached, (c) after 2 h of growth, (d) after 4 h of growth, and (e) after 6 h of growth/at growth end. While
no de-bending of the seed occurred during the heat up process, a reduction in the bow can be observed during the growth of additional
material. The bow of the seed is also indicated by the transparent, dotted line. During the growth run, a bulging of the Ta foil occurred,
resulting in a slight lift of the seeding stack on the right side, which does not influence the growth in a significant way.
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observed. Curvature measurements revealed a value of
approx. 1m−1 for this growth run along the higher bowed
relaxation axis compared to approx. 7m−1 for the used seed.

Raman measurements were conducted on the surface
along the two-relaxation axes of the grown crystals. For
3C–SiC, two typical peaks should appear during Raman
spectroscopy: the transversal optical (TO) and the long-
itudinal optical (LO) phonon mode. In a perfect (001)
orientated 3C–SiC crystal, the TO mode is prohibited by
the selection rules [19]. However, due to misorientation,
defects, and lattice distortions, this peak becomes visible.
The TO mode is not affected by doping and, therefore, is
well suited for the evaluation of stress present in the
crystal. For a stress-free material, the peak is located at
796 cm−1 [20]. Tensile stress will shift the value toward
lower Raman shifts while compressive stress will do the
opposite. Figure 4 shows the results for the Raman sur-
face measurements of Crystal A (50 mm diameter) and
Crystal D (100mm diameter). No significant stress gra-
dient can be found along both relaxation axes. The
overall strain is slightly compressive while the stress level
appears to be increased for the larger sample. The higher
fluctuating values for the 100mm crystal can be asso-
ciated with an increased thickness of the sample. The
protrusion defects expand in size with increasing thick-
ness and will lead to a higher surface roughness, poten-
tially influencing the Raman signal.

Raman measurements can also be used to estimate
the doping concentration of SiC based on the shift of the
LO mode [21]. The crystals grown in this study were unin-
tentionally doped with nitrogen and had doping levels
between 1.0 and 4.5 × 1018 cm−3. The two sources of unin-
tentional doping in the CS-PVT experiments are the

released nitrogen from the used carbon isolations and
the nitrogen incorporated in the SiC source wafers. While
Calabretta et al. [22] reported that high nitrogen doping
combined with growth on off-axis substrates could reduce
the SF density in 3C–SiC for heteroepitaxial CVD, an
increased wafer bow with increased nitrogen doping was
reported in ref. [17]. Compared to literature, no significant
influence of the nitrogen doping on the wafer bow could
be observed in our study.

Figure 5 shows Raman line scans on the surface of a
50mm sample grown with a special spacer. Thereby, a
larger area of the seed was covered by the spacer allowing
us to measure variations in the seeding layer before and
after the growth run. The single scans were taken along
vertical lines starting from the flat of the sample at five
different lateral positions. Each scan included seven mea-
surement spots and the value “zero” on the x-axis of
the two graphs refers to the middle of the sample. The
scheme of the measurement is also indicated by the inset
in the left graph of Figure 5. For the line scans along the
areas where growth has taken place (black and blue lines),
no significant change with respect to the TO mode can be
seen. However, for the covered area (red lines), a shift
toward increased tensile stress can be observed after the
growth run.

To further evaluate the stress distribution in the grown
crystals, crosscuts were prepared out of two 50mm dia-
meter samples. For each sample, two different crosscuts
were prepared: perpendicular to the higher bent axis and
parallel to it. The results of the Raman measurements are
displayed in Figure 6. For the crosscuts, a slight gradient
toward tensile stress can be seen inside the seeding layer
for the cut perpendicular to the higher bent relaxation

Figure 4: Results of Raman measurements on the surface of Crystal A (50mm) and Crystal D (100mm) along the two relaxation axes of the
crystal. The value for stress-free 3C–SiC is indicated by the dashed blue line. For both crystals no significant stress gradient can be
observed for both measurement directions. The higher fluctuation of the 100mm sample is attributed to the surface roughening by
protrusion defects for increased crystal thickness compared to Crystal A.
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axis. Once the interface between the seed and the CS-PVT
grown crystal is reached, the stress values stay mostly
constant. The position of the interface between seed and

crystal is marked with a dashed line. In the crosscuts along
the higher bent axis, a decreased stress gradient inside the
seeding layer can be observed for Crystal A, while for

Figure 5: Results of Raman measurements on the surface before (left) and after (right) the CS-PVT growth. The scheme of the measurement
procedure is indicated in the left-hand graph with the gray area covered by the spacer during the growth run. The values of the legend
correspond to the lateral position of the line scan on the sample and the x-axis of the graphs indicates the measurement position within a
line scan. For the uncovered area (black and blue lines), no significant change with regard to the TO mode can be seen while, for the covered
area (red lines), a shift toward increased tensile stress is visible.

Figure 6: Results of Raman measurements for crosscuts of Crystals A and B. The orientation with respect to the higher bent axis of the
samples is indicated in the upper right corner of the single scans. The interface between seed and PVT grown crystal is indicated by the
dashed red line. For both samples, a gradient toward tensile stress inside the seeding layer is visible perpendicular to the higher bent axis
while the stress stays fairly constant once the interface is reached. For the parallel cuts, this effect is reduced (Crystal A) or not visible at all
(Crystal B).
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Crystal B, no gradient is visible. In addition, for Crystal A,
the overall compressive stress is slightly increased.

The deformation of material will always go along
with the releasing or introduction of stress and the move-
ment of defects such as dislocations. In our case, the
seeding layers are bent but also show low stress values.
The flattening of the material should therefore induce
stress into the material. Raman measurements of the
TO-mode on the surface of our grown crystals displayed
no significant stress overall. In addition, no stress gra-
dient was visible along the two relaxation axes in the
grown material. Crosscuts as well as the measurements
depicted in Figure 5 revealed that the seeding layers are
tensile stressed after the sublimation growth. Based on
the bending direction, the flattening mechanism should
result in compressive stress at the sample surface. There-
fore, we conclude that the stress generated during the
sublimation growth by the reduction of the bow will be
mainly released by a tensing of the seeding layer. At this
point, we cannot certainly exclude that defect generation
will play an additional role in the bow relaxation during
sublimation growth. However, based on the low full
width half maximum (FWHM) values of RC measure-
ments (Figure 7) and the fact that sublimation growth
has already shown to reduce the SF density in 3C–SiC
[9], we assume that defect generation will not be the
significant mechanism for the flattening observed.

On the sample shown in Figure 5, additional HRXRD
RC measurements were taken of the (002) reflex (Figure 7).
If the lattice planes are bended or misaligned, a shift of
the peak can be observed. In addition, the FWHM can be

used to evaluate the quality of the grown material.
Defects and other distortions of the lattice structure
will lead to a broadening of the peak. The measurements
were taken along the two-relaxation axes of the crystal
and one spot of the seeding layer, which was covered by
the graphite spacer. For the lower bent axis, the peak
position is near the theoretical value and no consider-
able peak shift is visible along the scan direction.
Furthermore, the average FWHM of the peaks is low
with 69.10 ± 1.83 arcseconds. For the higher bent axis,
a shift of the peak position is visible along the scan
direction. In addition, peak splitting could be observed
and the FWHM is increased with 190.63 ± 29.53 arcseconds.
For the measurement spot on the seeding layer, the peak
position is in line with the values of the lower bent axis.
However, peak splitting could be observed and the FWHM
is comparable to the values of the higher bent axis
(153.09 arcseconds.).

Assuming horizontal aligned planes for the used
seeding layers, a reduction in the bow during CS-PVT
should bend the lattice planes at the sample edges.
Although the surface of the sample appears flat, after
the sublimation growth, the lattice planes are concave
shaped for the higher bent axis with respect to the sur-
face. Therefore, constructive interference according to
Bragg´s law will be shifted toward lower values on one
side of the analyzed sample and toward higher values on
the opposite side. For the lower bent axis, no such shift
could be observed. In addition, values of the FWHM as
low as 67 arcseconds could be measured showing a high
crystalline quality. As far as we know these are one of the

Figure 7: Results of HRXRD RC measurements of Crystal C. (a) Peak position of the (002) reflex. For the scan direction along the lower bent
axis, no shift of the peak position can be seen. For the higher bent axis, a shift occurs corresponding to a concave bending of the lattice
planes compared to the sample surface. The star marks the value measured on the seed after CS-PVT growth (the area was covered by the
spacer during growth). (b) FWHM of the measured (002) peak. For the lower bent axis, low values were measured while the higher bent axis
shows an increased FWHM. The value for the seed is again indicated by the star.
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lowest values reported for 3C–SiC in the literature. Due to
the lower starting curvature on this axis, the bending of
the lattice planes will be far less pronounced resulting
in the high crystalline quality observed. Note that a shift
of the peak position during RC measurements could also
be linked to stress in the material. However, based on the
results of the Raman measurements, the influence of
stress on the peak position can be virtually neglected.

As expected, the peak position in the middle of the
sample is the same for both scan directions of the RC
measurements. However, for the higher bent axis, peak
splitting could be observed for all measurement points.
Zimbone et al. have shown that extended defects like
SFs and inverted domain boundaries (IDBs) will prolong
preferable along the [110] and [112] directions in (001)
orientated 3C–SiC [23]. Similar preferential alignment of
defects could explain why peak splitting only appears
along the scan axis perpendicular to the original wafer
flat during RC measurements. Shibahara et al. [24] reported
that for the growth of 3C–SiC on off-axis, Si IDBs could be
eliminated. The used seeding layers in this study were also
prepared starting from an 4° off-axis Si substrate suggesting
that the IDB density in the grown material is not sufficient
enough to interfere with the RC measurements. However,
for the growth of 3C–SiC with an off-cut toward the [110]
direction, the SFs will align preferably along the (111) plane
while prolongation of SFs along the (−1−11) plane will be
suppressed [25]. Based on the expected alignment of SFs in
our crystals, the density of defects should be increased for
the direction perpendicular to the original wafer flat (higher
bent axis) possibly interfering with the RC measurements.

4 Conclusions

We showed that CS-PVT can be used to the decrease the
bow of 3C–SiC grown by homoepitaxial CVD. X-ray ima-
ging enabled the in situ observation of the bow reduction
during the growth runs and revealed that the flattening
only occurs during growth but not during the heat up and
cool down of the system. Raman measurements revealed
no stress gradient and overall low stress levels on the
surface of grown crystals while measurements on cross-
cuts showed tensile stress inside the seeding layers after
the CS-PVT. We therefore assume that the stress induced
into the material that accompanies the plastic deforma-
tion during the observed sample flattening is released by
a tension induced into the seeding layer. HRXRD RC mea-
surements showed a slight concave bending of the lattice
planes along the higher bent relaxation axis but also

confirmed the growth of high-quality material based on
low FWHM of the (002) peak.
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