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Undoped 4H silicon carbide epitaxial layers were deposited by means of CVD method with growth rates
of 2 pm/h, 5 pm/h and 11 pm/h at 1540 °C on n-doped 8°, 4° and 0° off-cut 4H-SiC (00 - 1) substrates. The
structural defects were studied before and after growth of the epitaxial layers by means of conventional Lang
topography, synchrotron white beam and monochromatic beam topography and by means of X-ray specular
reflectometry. The topographic investigations confirmed the continuation of the dislocations in the epitaxial
deposit on the 8° and 4° off-cut substrates without new extended defects. The important difference occurred in
the surface roughness of the epitaxial layers, which increased for higher growth rates. The epitaxial layers grown
on 0° off-cut substrates at analogous condition contained usually other SiC polytypes, but the influence of the
growth rate on the distribution of the polytypes was observed.

PACS: 61.05.cm, 61.72.Ff, 61.72.up

1. Introduction

The silicon carbide technology of electronic and opto-
electronic devices has been commercially developed in
recent years, including a wide use of epitaxial tech-
niques. The deposition of silicon carbide epitaxial lay-
ers is most commonly realized using chemical vapor de-
position (CVD) method [1]. Unlike in the case of bulk
crystals, where the growth of 6H polytype is the sim-
plest, it is quite easy to grow epitaxial layers of 4H SiC
polytype on 4H SiC substrates. To obtain the 3C SiC
polytype, epitaxial technique on silicon substrates is com-
monly used [2].

An important factor conditioning the successful growth
of 4H SiC homoepitaxial layers is the off-cut of the sub-
strates from (00 - 1) planes. The most commonly applied
off-cut value is 8°. The suggested “step-flow” growth
mechanism [3, 4] consists in the deposition of crystal-
lites along the edges of the steps formed on disoriented
surface in the process of the initial chemical etching be-
fore the epitaxial process. During growth the edges of
the steps continuously move along the surface. The use
of substrate wafers with smaller off-cut is more difficult
and usually requires some modification of the growth
conditions. It is, however attractive in the view of re-
duction of material losses during the preparation of sub-
strate wafers. One of the most important problems at the
lower off-cut values is how to avoid so called “step bunch-
ing” consisting in formation the irregular steps (bunches

of steps) in the pre-etching process performed at a high
temperature in the atmosphere of hydrogen mixed with
propane.

The epitaxial growth on 4° off-cut substrates with the
use of so called hot wall growth reactor had been recently
described by Wada et al. [5] and by Chen and Capano [6].
The quality of the layers is also dependent on the chem-
ical composition of the used precursors strongly affect-
ing the growth rate. It had been analyzed by Kojima
et al. [7], Myers et al. [8] and Fujiwara et al. [9]. The
required effect of micro-pipes overgrowth is stimulated
by a larger off-cut and higher growth rate. The growth
of epitaxial films on differently oriented substrates had
also been considered by Landini and Brandes [10] and by
Nakamura et al. [11]. The specific “carrot-like” defects
occurring in 4H epitaxial layers had been described by
Benemara et al. [12]. The use of X-ray diffraction topog-
raphy in studying of 4H SiC homoepitaxial layers had
been included in papers by Tsuchida et al. [13], Zheng et
al. [14] and by Huh et al. [15].

The growth of single polytype 4H-SiC homoepitaxial
layer on 0°off-cut substrates is very difficult, because
the “step-flow” mechanism is not possible. The success-
ful growth of such layer was reported by Kosciewicz et
al. [16].

The technology of SiC bulk crystals and epitaxial layers
is currently being developed in the Institute of Electronic
Materials Technology (ITME) providing the opportunity
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of wide use of X-ray methods of characterization explor-
ing conventional and synchrotron sources of radiation.
Some results of the growth of the epitaxial layers on the
substrates with small off-cut obtained at ITME were pub-
lished elsewhere [16], while some results on the influence
of surface finishing on the perfection of 4H SiC homoepi-
taxial layers were published by Mazur et al. [17].

The purpose of the present paper was to study the
structural defects and the surface roughness in 4H sili-
con carbide homoepitaxial layers grown on the substrates
with the off-cut being smaller than the most frequently
used 8°with different growth rate, which was one of the
parameters suggested by many authors as the one to be
altered at the lower off-cut [5,6]. Various values of the
growth rate parameter were used, as suggested for the
small off-cut case in refs. [5,6].

2. Experimental methods

The presently investigated 4H silicon carbide epitax-
ial layers were grown with CVD method with the use of
Aixtron VP 508 equipment at hot wall regime and CHy
and C3Hg precursors. The growth reactor is a horizon-
tal one, but offers some additional possibilities (gas flow,
additional sample motion).

The layers were not intentionally doped and were de-
posited on n-type 4H silicon carbide commercial sub-
strates produced by Cree Incorporated with the concen-
tration of nitrogen close to 10'7 em™3 and low concen-
tration of defects. 0°, 4° and 8° off-cut 4H-SiC (00 - 1)
substrates were used. Three growth rates of 2 um/h,
5 pm/h and 11 pm/h were applied for each off-cut — the
middle value is most commonly used in the technologi-
cal process. The thickness of the epitaxial deposit was
close to 5 pm. The main experiment included nine sam-
ples with the layers deposited on substrates with all three
off-cut values at 1540 °C. Some layers deposited on 0° off-
cut 4H SiC substrates with a lower growth rate at higher
temperature providing single polytype composition were
also studied.

The samples were characterized with use of X-ray
methods of characterization exploring conventional and
synchrotron sources of radiation. A number of comple-
mentary methods of X-ray diffraction topography have
been applied including conventional Lang transmission
topography using Mo Ka; radiation and synchrotron to-
pography using white beam and monochromatic beam
radiation. The white, and monochromatic beam syn-
chrotron topographic investigations were performed re-
spectively at the experimental stations F1 and E2 of syn-
chrotron DORIS III in HASYLAB.

The back-reflection white beam synchrotron to-
pographs provide fast and univocal possibility of detect-
ing the additional unwanted polytypes in the epitaxial
deposit. The roughness of the samples was determined by
measuring the reflectometric curves and fitting the theo-
retical reflectometric curves computed using the REFSIM
version 2.0 program based on the Parratt theory [18].

3. Results and discussion

Representative conventional topographs of the samples
substrates obtained by means of conventional Lang and
synchrotron topographic methods are shown in Fig. 1.
The topographs enable resolving the individual disloca-
tions, revealed as distinct dark lines and allow for evalua-
tion of their density as being at the level 103 cm~2. Some
of the dislocations vanish in the particular topographs
due to the extinction effect — the dependence of the con-
trast on the cos(gb) value (where g is the diffraction vec-
tor and b is the Burgers vector of the dislocation). Usu-
ally, the back-reflection topographs in symmetric trans-
mission reflection do not reveal the dislocations with the
Burgers vector parallel to the hexagonal axis ¢ [00 - 1],
which provide much more extended (stronger) images
in the back reflection topographs. The transmission to-
pographs in Fig. la—c, taken in 101 — and -101 reflections
reveal some characteristic long segments of dislocations
inclined at a very small angle to the surface sample, which
are the basal plane dislocations, with the Burgers vector
in the (00 - 1) plane. In some regions of the topograph
1c one can notice some darker fields stretched between
the dislocation lines, which correspond to stacking faults.
Some weak contrasts of the stacking faults outcropping
the surface were observed also in highly asymmetric re-
flections in the white beam back-reflection projection to-
pograps — e.g. in Fig. 2. Usually these topographs reveal
the dislocations in the form of dark dots or commas.

It was possible to confirm the identification of some
dislocations, mainly the screw-type ones, by compar-
ing the multi-crystal topographical images obtained in
the monochromatic beam with numerically simulated im-
ages. The monochromatic beam topographs, which are
highly analogous to the double-crystal topographs, pro-
vide the images of dislocations in the form of character-
istic rosettes sometimes exhibiting an additional tail of
the interference fringes coming from the dislocation core,
as it was firstly observed and explained by Bubakova,
Bedyriska and Sourek [19].

It was also possible to improve the simulated
monochromatic beam images and the correspondence to
the experimental ones by adding a large number of images
each one with randomly introduced imperfections, analo-
gously with finding the incoherent solution in the statis-
tic dynamical theories. The procedure is justified by the
expected presence of the small, almost incoherent inclu-
sions, and the relatively large extension of the experimen-
tal images, requiring the assumption of a non-coherent
beam. The exemplary experimental images and simu-
lations including the presence of randomly distributed
defects are shown in Fig. 3.

The topographic investigations performed after the de-
position of the epitaxial layers in the samples with 8°
and 4° off-cut confirmed the continuation of the dislo-
cations in the epitaxial deposit, as it may in particular
be observed in Fig. 4, especially in the monochromatic
beam topograph (Fig. 4 b). Some representative screw
dislocations with the contrast analogous to that in Fig. 3
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Fig. 1. Representative Lang topographs in 101 — a)
and -101 — b) reflections of Mo K., radiation of 4H SiC
substrates with 4° off-cut, and — c¢) enlarged fragment
of Lang-topograph in 201 reflection of MoK, radiation
with basal plane dislocations (long lines) and stacking-
faults (darker regions split between parallel parts of
long dislocation lines). “SF” denotes the representative
stacking faults, “BPD” the basal plane dislocation, and
“ID” the representative dislocations inclined to the sur-
face at a relatively large angle. One can notice a signifi-
cant difference in contrast of some dislocations between
topographs la and 1b.

were marked on the subsequent stripes of the “zebra pat-
tern”. The continuation of dislocations is confirmed also
by Bragg-case section topographs (Fig. 4 ¢ and d). Part
of this topograph located further from the line of the in-
tersection of incident beam with the surface should reveal
mainly the dislocations and inclusions located in the sub-
strate which do not distinctly differ from the dislocation
in the epitaxial deposit.

We did not observe the formation either of new dislo-
cations or of other extended defects in the epitaxial layers
at all three growth rates. However, we found a distinct
difference of the surface roughness in the layers deposited
at different growth rates: the roughness increased with
increasing applied growth rate, as may be seen from the
fitted theoretical rocking curves in Fig. 5.

Fig. 2. Bragg-case synchrotron white beam projection
topograph in an significantly asymmetric reflection with
a large penetration depth revealing some dislocation
outcropping the substrate — denoted as “OD” and im-
ages of basal planes dislocations with stacking faults,
forming elongated weaker contrasts and marked repre-
sentatively as “SF”.

Fig. 3. a)-Monochromatic beam image revealing well
resolved dislocations outcrops, many of them are screw-
type, almost perpendicular to the surface and b) its en-
larged fragment revealing some outcrops of the screw
dislocations; c¢) — the simulation of the outcrop of the
screw dislocation in the ideal crystal, taking into ac-
count the finite divergence of the incident beam and
¢’) the improved simulation of the screw dislocation ob-
tained by adding a large number of images each one
with randomly introduced imperfections which signif-
icantly improves the correspondence of the simulated
image to the experimental images. The dimensions of
the theoretical images are equal to 400 pm.
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epitaxy [

Fig. 4. a) Bragg-case projection topograph of a repre-
sentative epitaxial deposit revealing mainly the dislo-
cations outcroping the surface, b) the monochromatic
beam “zebra-pattern” revealing the dislocations out-
crops - some representative outcrops of the screw dis-
locations providing similar images as in Figs. 3b) are
marked by “SD”, ¢) and d) the Bragg-case section to-
pographs, differing in the structure factor, of the same
sample revealing mainly the dislocations in the sub-
strate (the defects from the 5 pm epitaxial layer are
visible in the narrow upper part of the topographs close
to the strong black stripe corresponding to the reflection
of the slit from the surface) - the representative contrasts
corresponding to dislocations are marked “D”.

The roughness values evaluated in the case of the epi-
taxial layers on the 8° substrates, were on much lower
level of 1.2 nm, and the difference between the layers
deposited with different growth rates was not distinct.

The topographic investigation performed after the epi-
taxial deposition indicated, however, a certain modifica-
tion of dislocation structure inside the substrate. This
modification consisted in less regular character of the
dislocations arrangement, which often exhibited a cer-
tain curvature. Also some observed additional darker or
white-dark contrasts seem to suggest formation of indi-
vidual precipitates along the dislocation lines.

The applied conditions were not suitable to obtain the
single polytype 4H SiC epitaxial deposit for the sub-
strates with 0°off-cut, and the obtained layer contained a
large amount of differently distributed other polytypes,
especially the 3C one. An interesting phenomenon was
observed in the case of the layer deposited at 11 pum/h
growth rate, when the 3C and 15R polytypes formed is-
lands of relatively large dimensions reaching single hun-
dreds of microns or even single millimeters. These islands
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Fig. 5. The specular reflectometric curves for the
grown epitaxial 4H silicon carbide layers deposited with
rates of 2um/h — a) and 11 pm/h — b) on the substrates
with 4°off-cut with fitted theoretical curves computed
with REFSIM program. Surface roughness (marked as
p) for the substrate was close to 1.8 nm.

Fig. 6. Bragg-case projection topograph of the epitax-
ial layer grown with the highest rate 11 pm/h on 0° off-
cut substrate revealing some large islands of other SiC
polytype (most probably of 3C type) denoted by “PI”
(in Fig. 6 the symbol is “PI”) containing misfit disloca-
tions denoted representatively as “MD” . The upper-left
half of the topograph reveal the image of the substrate
denoted as “S” and the two micro-pipes present in the
substrate are marked “MP”.
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contained low density of misfit dislocations and other new
created defects as may be seen in Fig. 6.

The investigation of some other samples confirmed the
possibility of obtaining a single polytype 4H SiC ho-
moepitaxial layers at higher growth temperature on the
substrates with 0° off-cut, but the investigated layers of-
ten exhibited significant irregularities of the surface.

4. Conclusions

The topographic investigations performed after the de-
position of the epitaxial layers grown on 8° and 4° off-
cut (00-1) 4H-SiC substrates confirmed the continuation
of the dislocations in the epitaxial deposit. We did not
observe either any formation of new dislocations or any
other extended defects in the epitaxial layers grown in all
three growth rates. On the contrary we found a distinct
difference in the surface roughness of the layers deposited
at different growth rates, which was increasing with the
applied growth rate.

The results confirm the possibility of obtaining the epi-
taxial SiC layers with low concentration of defects at
the substrates with 4° off-cut, but obtaining low surface
roughness requires lower growth rates.

Applied conditions were not suitable to obtain the sin-
gle polytype 4H SiC epitaxial deposit for the substrates
with 0° off-cut and the obtained layer contained a large
amount of other silicon carbide polytypes, especially 3C
and 15R.

An interesting phenomenon was observed in the case
of the layer deposited at 11 pm/h, when other polytypes
formed islands of relatively large dimensions reaching
hundreds of microns or even single millimeters. These
islands contained isolated misfit dislocations and other
new defects.
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