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Abstract—The structure of graphene layers grown by sublimation on a 6H-SiC (000 ) substrate surface is
studied by electron diffraction depending on the sublimation temperature and substrate-surface pretreatment
method. It is shown that the use of polishing sublimation etching of the substrate before thermal destruction
at a temperature of 1350°C on the substrate surface results in the formation of single-crystal graphene
domains with graphene-lattice rotation by 30° with respect to the SiC lattice and a small fraction of amor-
phous domains. An increase in the temperature to 1500°C leads to the partial formation of a polycrystalline
graphene phase with turbostratic structure while retaining the preferred orientation of graphene crystallites
as at 1350°C. The use of pregrowth annealing before thermal destruction makes it possible to grow a graphene
film with a more ordered and homogeneous structure without inclusions of amorphous and polycrystalline
components. The preferred orientation of graphene domains in the film remains unchanged.
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1. INTRODUCTION
As is known, graphene, for the discovery of which

Andrei Geim and Konstantin Novoselov, scientists of
Russian origin, were awarded the 2010 Nobel Prize in
Physics, represents two-dimensional carbon layers.
Graphene has certain advantages which make it possi-
ble to consider it as a material for developing devices
which implement the principles of ballistic electron-
ics, spintronics, optoelectronics, nanoplasmonics,
and other promising alternatives to conventional semi-
conductor electronics. There are several methods for
producing graphene: the “exfoliation” of graphite,
growth on a SiC surface by sublimation, chemical
deposition onto a metal surface, and others.

The best structural quality is inherent to graphene
layers obtained by exfoliation. However, these layers
have micrometer sizes and irregular geometrical
shape. This makes them unsuitable for use in industry.

In second place in terms of structure quality and
electrical parameters are graphene films grown on the
surface of silicon carbide. Such films grown on SiC
substrates 3 inches in diameter exhibit uniform
parameters over the whole wafer area.

Such wafers can be used in a standard manufactur-
ing line for fabricating semiconductor devices. An
additional advantage of this technology is the possibil-
ity of obtaining a graphene film on a SiC semi-insulat-
ing substrate, which eliminates the need to transfer the

grown film onto an insulator substrate, as takes place
during growth on Mo and other metals.

Among the disadvantages of this technology are the
formation of graphene films of a nonuniform thick-
ness and the presence of structural defects. To opti-
mize the technology, it is necessary to study the pro-
cess of graphene-film nucleation and subsequent for-
mation during silicon carbide thermal destruction.

Over the last few years, an extremely large number
of works have been devoted to the study of the epitaxial
growth of graphene films, involving such methods as
low-energy electron diffraction, surface X-ray diffrac-
tion using synchrotron-radiation sources, Raman and
photoelectron spectroscopy, scanning tunneling micros-
copy, atomic-force and transmission microscopy, and
others.

This paper is devoted to the diffraction study of the
structure of graphene layers formed on one of the
polar faces of silicon carbide 6H-SiC (000 ) (the so-
called C-face) due to its vacuum annealing at various
temperatures and with various surface states of the face
under study using the reflection electron-diffraction
method.

The reflection electron-diffraction method [1, 2]
(in the modified form, the reflection high-energy
electron diffraction (RHEED) method is used along
with the low-energy electron-diffraction (LEED)
method to determine the structure of a single-crystal
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surface, to study the relative orientation in the case of
the contact of different phases and the formation of
transition structures. The RHEED method has a
number of advantages over the LEED method, i.e.,
RHEED diffraction patterns allow estimation of the
structure quality of a single-crystal surface and its
morphology, unlike LEED patterns; furthermore,
they make it possible to differentiate ref lections from
two-dimensional and three-dimensional structures
and to determine interplanar distances in a lattice with
higher accuracy.

2. SAMPLES AND EXPERIMENTAL
The samples for structural studies were semi-insu-

lating (resistivity is > 105 Ω cm) 6H-SiC substrates
(CREE Co.) with a mechanically polished C-face sur-
face, used in the technology of the fabrication of semi-
conductor devices. Graphene layers were synthesized
by thermal decomposition of the 6H-SiC (000 ) sur-
face in a vacuum sublimation epitaxy system using the
technology proposed in [3] at two silicon sublimation
temperatures, 1350 and 1500°C, for 5 min.

Before graphene synthesis, scratches and other
defects which always remain after the mechanical pol-
ishing of a substrate surface were preliminarily
removed. In the first stage, to remove the mechani-
cally damaged surface layer of the substrate, polishing
sublimation etching [3] was used; later, this was
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replaced by the method of pregrowth substrate anneal-
ing [4] in a closed cell of the growth chamber. As
atomic-force microscopy showed [3, 5], both these
pretreatment methods lead to removal of the mechan-
ically damaged surface layer and the formation of a
surface shaped as extended terraces ~250 Å wide and
steps with a height equal to the SiC unit-cell parame-
ter. However, in contrast to the initially applied
method used in [3], the use of pregrowth annealing
[4, 5] provides atomically smooth terrace surfaces.

Diffraction patterns of the sample surface were
measured using an EMR-100 electron diffractometer
at an accelerating voltage of 50 kV at the Analytical
chemistry department of the Saint Petersburg State
Technological Institute.

Electron-diffraction patterns of the 6H-SiC (000 )
surface were measured in the direction of a grazing
electron beam incident on the surface parallel to the
crystallographic directions with low indices in the
basal plane and in the angular range between these
directions which were fixed using a goniometer.

3. RESULTS AND DISCUSSION
The typical reflection electron-diffraction patterns

of the sample surfaces and the indexing results are
shown in Figs. 1a–4a and 1b–4b (in the [ 2 0] and
[ 100] azimuths with respect to the substrate, respec-
tively) and in Fig. 2c–4c for deviations from these azi-
muths.

The electron-diffraction patterns in Fig. 1 show the
initial substrate-surface state, and Figs. 2–4 show the
surface state after thermal destruction.

The electron diffraction patterns of the SiC sub-
strate surface (Figs. 1a and 1b) consist of vertical rod-
like reflections characteristic of single crystals, and a
well developed system of Kikuchi lines, which indi-
cates a rather high degree of perfection of the substrate
surface structure in the initial state.

In the electron-diffraction patterns of the surface
of the sample not subjected to pregrowth annealing,
the Kikuchi lines disappeared after thermal destruc-
tion at a temperature of 1350°C for 5 min (Figs. 2a
and 2b) (indicating structural damage in the SiC sur-
face layer); however, new “single-crystal” reflections
appeared (denoted by G in the electron-diffraction
patterns).

For example, in the electron-diffraction pattern
(Fig. 2a) measured in the [ 2 0] azimuth, being the
(010) reciprocal lattice section, reflections corre-
sponding to 11.l graphite reflections appeared; in the
electron-diffraction pattern (Fig. 2b) measured in the
[ 100] azimuth, reflections corresponding to the 10.l
graphite reflections appeared in the ( 10) section of
the SiC reciprocal lattice. The 11.l graphite reflections
in the (010) section of the SiC reciprocal lattice and
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Fig. 1. Electron-diffraction patterns of the 6H-SiC initial
substrate surface, measured in the (a) [ 2 0] and
(b) [ 100] azimuths.
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10.l in the ( 10) section can appear only in the case of
graphite-lattice rotation by 30° with respect to the SiC
lattice. We note the reflections that appeared in the
electron-diffraction patterns after thermal destruction
are shaped as continuous rods with a uniform intensity
over the rod height, in contrast to the rodlike reflec-
tions of SiC characterized by either nonuniform inten-
sities over height (Fig. 1a) or by their discontinuity
(Fig. 1b). The observed diffraction pattern of SiC
(Figs. 1a, 1b) is typical of the case of RHEED of a sin-
gle crystal surface with a rather high degree of perfec-
tion, according to electron-diffraction theory and
practice [1, 2]. At the same time, according to the

1

Laue theory of diffraction by two-dimensional crys-
tals, the reflections observed in the electron-diffrac-
tion patterns in Figs. 1a and 1b, shaped as continuous
rods, should be attributed to hk ref lections from single
graphite layers, i.e., graphene.

Thus, the diffraction patterns of the sample surface
annealed at 1350°C, measured in the [ 2 0] and
[ 100] azimuths, indicate graphene formation on sili-
con carbide with graphene-lattice rotation by 30° with
respect to the SiC lattice.

The electron-diffraction patterns of the sample
surface with deviations from the [ 2 0] and [ 100]
directions allowed us to detect that a diffraction pat-
tern consisting of diffuse rings (Fig. 2c) appears near

1 1
1
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Fig. 2. Electron-diffraction patterns of the 6H-SiC surface
after thermal destruction at T = 1350°C for 5 min, without
pregrowth annealing, measured in the (a) [ 2 0] and
(b) [ 100] azimuths, and (c) with a deviation from these
azimuths.

(а)

(b)

(c)
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Fig. 3. Electron-diffraction patterns of the 6H-SiC surface
after thermal destruction at T = 1500°C for 5 min, without
pregrowth annealing, measured (a) in the [ 2 0] azimuth,
(b) near the [ 100] azimuth (b), and (c) with a deviation
from these azimuths.

(а)

(b)

(c)
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[ 100] (with a deviation from this azimuth by 2°–3°).
A similar pattern sometimes appeared for some indi-
vidual surface areas of the sample under study, without
any azimuthal regularity. Analysis of the electron-dif-
fraction patterns in Fig. 2c showed that the diffuse
rings can be related to the (10.0) and (11.0) reflections
of amorphous graphene.

The general understanding of the structure of this
sample, revealed by reflection electron diffraction, is
consistent with the LEED results for the structure of
graphene layers formed at early stages during 4H- and

1

6H-SiC (000 ) surface thermal destruction in high
vacuum [6–8].

The electron-diffraction patterns of the sample
obtained by thermal destruction of the silicon-carbide
surface at a temperature of 1500°C for 5 min (which,
as the previous sample, was not subjected to pregrowth
annealing before thermal destruction of the silicon
carbide), are shown in Figs. 3a–3c. We can see that an
increase in the sublimation temperature led to a signif-
icant change in the diffraction patterns.

In the electron-diffraction patterns of the sample
surfaces, measured in [ 2 0] and [ 100] azimuths
(Fig. 3a and 3b,), in contrast to the electron-diffrac-
tion patterns in Figs. 2a and 2b, the rodlike reflections
appeared after annealing, which correspond to graph-
ite, are not uniform in height, but exhibit periodic
intensity changes over rod height. Furthermore, the
electron-diffraction patterns in Fig. 3a and 3b exhibit
diffuse reflections at the so-called specular reflection
(in contrast to the electron-diffraction patterns in
Figs. 2a and 2b). The diffuse reflections that appeared
(Figs. 3a and 3b) correspond to the 002, 004, and
006 graphite reflections, but with an interlayer dis-
tance excessive for graphite: for 002, d002 = 3.43 Å
instead of 3.354 Å characteristic of graphite.

The next difference between the electron-diffrac-
tion patterns in Figs. 3a and 3b and Figs. 2a and 2b is
the presence of weak reflections characteristic of poly-
crystals in Figs. 3a and 3b and their absence in Figs. 2a
and 2b. These reflections correspond to the 100, 110,
and 200 graphite reflections, but with decreased inter-
planar distances d100 and d110 in comparison with
graphite, 2.12 and 1.225 Å instead of 2.13 and 1.232 Å
characteristic of graphite. The size of the coherent-
scattering regions (CSRs) of the polycrystalline com-
ponent in the graphene film formed at a temperature
of 1500°C is ~100 Å.

Thus, the detection of a fine-grained polycrystal-
line component with a structure similar to graphite,
but with excessive d002 and undersized d110, in the film
under study, and periodic intensity modulations in
rodlike reflections hk corresponding to graphene
reflections in the diffraction patterns, suggest that the
film under study contains some regions with two-
dimensional turbostratic structure [9, 10]. In this
structure, parallel graphene layers are in a random azi-
muthal orientation with respect to each other.

Measurements of the electron-diffraction patterns
with a deviation from the [ 2 0] and [ 100] direc-
tions also showed the presence of polycrystalline com-
ponents in certain graphene-film regions (Fig. 3c).

We note that analysis of the specular reflection
showed that different interlayer distances correspond
to individual 00l reflections often in the absence of
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Fig. 4. Electron-diffraction patterns of the 6H-SiC surface
after thermal destruction at T = 1500°C for 5 min, with
pregrowth annealing, measured (a) near the [ 2 0] azi-
muth, (b) in the [ 100] azimuth, and (c) with a deviation
from these azimuths.

(а)

(b)

(c)
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“polycrystalline” reflections in the electron-diffrac-
tion patterns. It was found that the interlayer distance
in the first layer is (3.2 ± 0.05) Å; in the second layer
in the electron-diffraction patterns of various sample
areas, it is from 3.5 to 3.7 Å; and the interlayer distance
of subsequent layers is (3.41 ± 0.01) Å.

A comparison of the electron-diffraction patterns
of samples grown at 1300 and 1500°C on substrates not
subjected to pregrowth annealing (Figs. 2a and 2b and
Figs. 3a and 3b) allows us to complement the above
distinctive features of the diffraction patterns in
Figs. 3a and 3b by the appearance of weak rodlike 10
and 11 reflections of graphene in the (010) and ( 10)
reciprocal-lattice sections, respectively. This phenom-
enon suggests that a certain fraction of domains with
orientation coinciding with the substrate orientation
appears in the film grown at 1500°C, in addition to the
dominant rotation of graphene domains by angle of
30° with respect to the substrate, observed in the sam-
ple annealed at 1350°C.

Figures 4a–4c show the electron-diffraction pat-
terns of the sample obtained, as the previous one, as a
result of thermal destruction at a temperature of
1500°C for 5 min, but subjected to pregrowth anneal-
ing before thermal destruction.

As in the electron-diffraction patterns of the sam-
ple without pregrowth annealing (Fig. 3), the elec-
tron-diffraction patterns in Fig. 4 contain 00l reflec-
tions at the specular reflection corresponding to graph-
ite with interlayer distances excessive for graphite, but
without accompanying reflections from the polycrys-
talline structure as in Fig. 3; furthermore, 00l reflec-
tions in the electron-diffraction patterns in Fig. 4 have
a less distinct diffuse nature that in those of the sam-
ples without pregrowth annealing. The absence of
rings characteristic of polycrystals and the less distinct
diffuse nature of 00l reflections in the electron-dif-
fraction patterns of the sample subjected to pregrowth
annealing before synthesizing graphene layers at a
temperature of 1500°C, indicate the more ordered
structure of the graphene film in comparison with the
case of film formation on the sample without pre-
growth annealing.

The diffraction patterns in Fig. 4 suggest that single
graphene layers are associated into rather extended
stacks [10]. The calculated interlayer distance in
graphene film stacks, except for the first layer, is
(3.40 ± 0.01) Å which is slightly smaller than in the
turbostratic structure. For the first layer, the interlayer
distance is only (3.2 ± 0.05) Å. To our knowledge,
there are several papers with experimentally deter-
mined interlayer distances in the graphene film grown
on the C-face. Using X-ray diffraction method, the
interlayer distance in the film samples on the 4H-SiC
substrate, grown in high vacuum, was determined in
[10] as 3.368 Å; in [11], simultaneously two values

1

were found in one sample, 3.37 and 3.42 Å, also
grown on 4H polytype, but in an Ar atmosphere.
Using high-resolution transmission electron micros-
copy, the interlayer distance in the graphene samples
on the 6H-SiC substrate grown in vacuum was deter-
mined in [12] as 3.39 Å; in [13], for samples grown on
the 4H polytype, it was determined as 3.40 Å [14].

Thus, the interlayer distance of 3.40 Å calculated
based on measurements of electron-diffraction pat-
terns of the 6H-SiC sample after thermal destruction
at 1500°C is in agreement with the above results.

The increase in the interlayer distance in the
graphene film grown on the C face of silicon carbide is
associated with a specific film-growth mechanism,
when each new layer is displaced by a certain angle
with respect to the previous one [15–17], in contrast to
chaotic rotations or displacements of layers forming
stacks of the turbostratic structure. As a result, the
multilayer film gains quasi-ordered packing while retain-
ing the preferred graphene orientation with its lattice
rotation of 30° with respect to the substrate lattice.

4. CONCLUSIONS
The electron-diffraction study of layers synthe-

sized on the 6H-SiC (000 ) substrate surface by ther-
mal decomposition in vacuum showed that the use of
polishing sublimation etching of the substrate before
thermal destruction at the early stage of layer forma-
tion (at a temperature of 1350°C) leads to the forma-
tion of domains of single-crystal graphene with its lat-
tice rotated by 30° with respect to the SiC lattice and a
small fraction of amorphous domains. It was shown
that an increase in the temperature to 1500°C results in
partial formation of the polycrystalline graphene
phase with turbostratic structure while retaining the
preferred graphene orientation, as in the case of
1350°C.

Due to the use of the pregrowth annealing opera-
tion before thermal destruction, the synthesized
graphene film gains a more ordered and homogeneous
structure.
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