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Abstract. The effect of the Silicon (Si) substrate conductivity type on the morphology and polytypic
composition of silicon carbide (SiC) films grown on these substrates has been theoretically
predicted and experimentally proved. SiC films here were produced using the substitution of Si
atoms by carbon (C) ones on Si(100) substrate surface deviated from the (100) singular face by
an angle 4°. The structural and morphological features of SiC films formation on Si(100)
substrate surfaces possessing both n- and p-type conductivity were investigated. It has been
shown theoretically and experimentally that the singular (100) Si face transforms into a SiC face
consisting of a number of disordered facets resembling saw-toothed structures, the lateral
surfaces of which are along the (111), (110), and (210) planes in the process of silicon by carbon
atoms substitution. It was shown that the atoms substitution mechanism is fundamentally different
in case of n- and p-type conductivity of the Si substrate; this difference was experimentally confirmed
and its nature was theoretically considered. The following results could be highlighted: (i) An
ordered SiC phase with a facet(flake)-like morphology consisting of both cubic and hexagonal
layers is formed on the vicinal p-type conductivity Si surface deviated by 4° from the singular
(100) face. The planes of the hexagonal facets may have (1 1 0 2 ), (2 2 00), (2 2 0 2 ) orientations
that provides the possibility to use the grown structures as substrates for the hydride vapor
phase epitaxy (HVPE) of high-quality epitaxial semipolar hexagonal AlN and GaN. (ii) The use of
vicinal n-type conductivity Si surface On the vicinal Si surface of n-type conductivity deviated by 4°
from the singular (100) face results in the ordered cubic 3C-SiC phase formation.

1. INTRODUCTION
A new method for obtaining epitaxial nano-SiC films
on Si, the so-called atoms substitution method, was
predicted theoretically and discovered experimentally in papers [1–3]. This method and a technology
developed on its basis for nano-SiC growing [3,4]
are fundamentally different from all existing methods and technologies for single-crystals, films, and

nanostructures growing. This method is based on
the “assembling” of a new silicon carbide matrix from
the old silicon matrix by partially substituting the
silicon atoms located in the crystal matrix of the
substrate by carbon atoms. The “assembly” of the
SiC matrix is realized due to the chemical reaction
(1)
2 Si( cr )  CO( gas )  SiC( cr )  SiO( gas )  .
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It was shown in [2-5] that reaction (1) proceeds
in two stages. At the first stage, an intermediate
compound, the activated complex “silicon vacancy
– carbon atom – silicon matrix” (C”VSi), is formed.
At this stage, the carbon atoms are located in interstitial positions of the silicon matrix. At the second
stage of the reaction, the activated complex transforms into silicon carbide, and disengaged vacancies merge into pores formed under the silicon carbide layer. In the cubic crystal symmetry, these two
dilatation centers (the carbon atom and the silicon
vacancy) interact elastically with each other. If the
dilatation dipoles are perpendicular to the (111) plane
of silicon, they are attracted to each other [2–5]. At
that, practically all the dilatation elastic energy
arisen from the introduction of the carbon atom and
formation of the vacancy relaxes [2–5]. Note that a
rigorous quantum-mechanical calculation of the rate
of chemical reaction (1) and interaction of the silicon vacancy with the carbon atom was performed
in [6,7]. After the completion of the chemical transformation, the mechanical dipoles, having fulfilled
their role, decompose into the silicon carbide film
and pores under its interface. At that, the orientation of the film is determined by the “old” crystal
structure of the original Si matrix and not only by
the surface of the substrate, as is usually in the
case of traditional techniques of films growing. The
temperature and pressure of the gas are chosen so
that the processes of formation of the SiC nuclei
and pores proceed simultaneously and at the same
rate. The formation of the elastic dipoles “carbon
atom % Si vacancy” makes it possible to obtain
high-quality silicon carbide films [3–10]. One of the
most important properties of nano-SiC synthesized
by the atoms substitution method is the unique
possibility to grow on a silicon substrate not only
cubic (3C-SiC) but also hexagonal SiC polytypes,
such as 6H-SiC, 4H-SiC, and even 2H-SiC polytype
[3,8,10].

2. STRUCTURAL AND
MORPHOLOGICAL FEATURES OF
SiC FILM FORMATION ON Si (100)
SINGULAR SURFACE
A distinctive feature of the atoms substitution method
is that regardless of the initial crystallographic Si
plane, on which SiC is synthesized, (111) plane is
necessarily formed as one of the planes. This effect
is related to the fact that the elastic dipoles “carbon
atom – silicon vacancy” mentioned above are always located perpendicular to the [111] direction
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and lie in the (110) plane perpendicular to the (111)
plane. In paper [3], it was constructed a theory of
SiC films growth by the atoms substitution method,
and formulas were derived to describe the nucleation rate and the rate of formation of a continuous
layer of the SiC film on different faces of the silicon
substrate. Thus, the nucleation rate I(ncr, cr) of SiC
nuclei on a smooth close-packed Si face can be
calculated by expression (2):
I ( ncr , cr ) 

2Dcr


N

s

N

Si

 exp  R

cr

k BT  ,

(2)

while the nucleation rate of SiC on a vicinal Si face
can be calculated by expression (3)
I ( ncr ,V ) 

2Dcr ,V


Nd exp  Rcr ,V k BT  ,
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is the work of formation of a SiC nucleus containing
ncr molecules of SiC and etch pits on the closepacked face, it depends on the dilatation dipoles
location relative to the crystallographic axis of the
cubic crystal, i.e. on the angle cos(x,y,z);
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is the work of formation of a SiC nucleus containing
ncr molecules of SiC on the vicinal face, it depends
both on the dilatation dipoles location and the angle
 of deviation from the (111) face; bcr=Rcr/Hcr is the
ratio of the critical size of the formed contraction
cavity to the critical thickness of the SiC layer;
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(cos ( x, y , z ))  W (cos ( x, y , z ))Nd  YSiC ;
VSiC is the volume per atom in the cubic SiC lattice;
VSi is the volume per atom in the cubic Si lattice; kB
is the Boltzmann constant; T is the temperature of
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SiC synthesis, it depends on the process and lies
in the interval 1000-1400 °C (so as not to exceed
the melting point of silicon); Keq is the equilibrium
constant of the reaction of SiC formation from Si
upon treatment with CO gas; pCO is the pressure of
carbon monoxide in the vapor phase above the surface of the Si substrate, while pSiO is is the pressure
of carbon monoxide in the reaction
zone; W(cos(x,y,z)) is the elastic energy of the
crystal upon formation of the dilatation dipoles in its
volume, it depends on their location cos(x,y,z) relative to the crystallographic axis of the cubic crystal,
it can take on both positive and negative values,
depending on the direction of the face, it is approximately equal to zero W([111])0 eV for the elastic
dipoles location along the [111] direction, and it is
maximal W([100]) ~1 eV for the dipoles along the
[100] direction; Nd is the density of elastic dipoles
in the volume of the intermediate complex in silicon, it determines the rate of the chemical reaction
of SiC formation, Nd1.6 1028 m -3 on average;
YSiC=SiKSi2/2(KSiC+Si); Si=0.52 1011 N/m2 is the
shear modulus of Si; KSi=2.5 1011 N/m2 is the bulk
modulus of SiC; YSiCSi 2/2 sinceKSi>>Si;   0.2
is the strain in the substrate surface layer, arising
from the difference in the distance between atoms
in Si and SiC along the (111) planes; a is the atomic
spacing in the silicon matrix; 1 describes the
change in the total surface energy of the upper and
lower faces of disc-shaped SiC nucleus and pore
upon the transformation of Si into SiC [8]; 2 is the
total surface energy of the lateral faces of the nucleus and etch pits bordering the contraction pore;
3 is the total surface energy of the lateral faces of
the SiC nucleus and the pore in Si;  1 is the total
surface energy of the SiC nucleus and the pore on
the vicinal crystal face;  2 is the total surface energy of the nucleus and etch pits formed on the
vicinal face; specific calculations of the quantities
1, 2,  1, and  2 one can find in the paper [3]; Dcr
and Dcr,V are pre-exponential kinetic coefficients
calculated in paper [3]. It follows from formulas (1)
and (2) that the nucleation of SiC can take place
only if >(cos(x,y,z)) or, which is the same, the
CO pressure must satisfy the condition [3]

pCO 

pSiO
K
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is the generalized equilibrium constant accounting
the elastic energy (cos(x,y,z)). An important feature of expressions (2) – (4) describing the nucleation of the SiC layer on Si is that the work of a SiC
nucleus formation depends essentially on the direction along which chemical bonds in the intermediate complex break up. Along the [111] direction,
according to the formulas (2) and (3), the term
(cos(x,y,z))=W(cos(x,y,z))Nd+YSiC, standing in
the denominator of the formation work
R cr(cos  (x,y,z)) in formula (2), and the term
W(cos(x,y,z)), standing in the denominator of the
formation work Rcr,V in formula (3), take on minimum
values. This means that the nucleation rate (2) or
(3) is maximum only along the [111] direction. It is
the (111) faces that are formed first of all during the
synthesis of SiC by the substitution method. Moreover, if the (111) face is deviated by a small angle, i.e.
in the case of a vicinal face, the nucleation rate does
not depend on the elastic energy YSiC at all, but
depends only on the angle of the face deviation from
the [111] direction, which is accounted by cos
occuring in the formation work in Eq. (3). It can easily be shown that this quantity has approximately
the same value for the faces of other orientations. It
was shown in [1] that Keq=30 and kBT(VSiC+VSi)/
(VSiCVSi) 2.109 J/m3 at the synthesis temperature
T=1250 °C. It follows that the renormed equilibrium
constant of the chemical reaction is Keff0.7Keq=21
for the [111] direction at T=1250 °C. Thus, to enable
the SiC formation reaction, the CO pressure must
satisfy the condition pCO>0.05pSiO. This result completely coincides with the equilibrium phase diagram
of the three-element system Si-O-C being formed
during the SiC growth by the method of chemical
substitution of atoms [11]. Thus, according to the
calculations carried out in [11], the equilibrium pressure of SiO for the growth on the (111) face is pSiO=50
Torr. At this SiO pressure, in order to grow SiC films
of the best quality, the CO pressure should be pCO>2
Torr. Of course, this value corresponds to the growth
on an ideal dislocation-free silicon [3]. In this case,
the (111) face must be perfectly smooth and not
contain growth steps, kinks and other surface defects. In a real situation, the pressure is lower. For
the ideal case, it means that at this pressure value
the system effectively overcomes the nucleation
energy barrier associated with the elastic energy
caused by the mismatch between the lattice parameters of Si and SiC, and as a result, this leads
to the formation of the contraction pores. In the case
of a vicinal surface deviated from the (111) plane by
a small angle, as follows from Eq. (3), the growth
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Fig. 1. Schematic atomic representation of successive stages of transformation of a singular (100) Si
surface into the Si surface coated with SiC facets during its treatment with CO gas by the reaction (1); a –
CO gas contacts the Si(100) surface; b – the first stage of the reaction, Si is removed by SiO gas, and
dilatation dipoles (C-VSi) are formed; c – phase transformation from the intermediate state of silicon into the
SiC layer; d – formation of a “sawtooth” surface of the SiC film coated with (111) facets; =54°44’ is the
angle between the (111) SiC facet and the (100) Si surface.

already starts with the pressure pCO at which
ln[pCOKeq/pSiO]>0, for example, this pressure should
be pCO>0.03pSiO for T=1250 °C. In the case of other
low-index faces, the situation changes dramatically.
According to the calculations carried out in [3],
W([100])~ 1 eV. It follows that (cos(x,y,z))3.4
10 9 J/m 3 for the (100) face. Such a value of
(cos(x,y,z)) leads to the fact that the formation of
a SiC film on the (100) face by the atoms substitution method becomes possible only if the CO pressure in the reaction zone pCO>0.5pSiO, that is ten
times higher than the equilibrium pressure of the
film growth [3], pCO>25 Torr. (cos(x,y,z)) 1.6 109
J/m3 for the (110) face. It follows that for the film
growth on this face, CO pressure should be
pCO>0.17pSiO, pCO>8 Torr. While such a condition
can be realized for the (110) face, the process can
not be realized for the (100) face because of one
more reason. The intermediate bonds, according to
(2) and (3), break up only perpendicularly to the (111)
face. That is why on a smooth (100) surface of silicon, not only SiC can not nucleate, but it can not
be realized either. However, nature bypasses such
a high value of (cos(x,y,z)) by transforming the

(100) face into the SiC face consisting of a number
of facets resembling sawtooth structures, lateral
faces of which are aligned with (111), (110) and (210)
planes, as shown in Fig. 1.
The angle between the (100) face and the (111)
face is 54°44’. Any arbitrarily small deviation of the
(100) face from its direction makes it vicinal, which
leads to the instantaneous formation of the very thin
(several atomic layers) film. The growth of thick SiC
layers at this pressure is not possible, since the
thin layer of SiC will cover all the main pores through
which CO enters the inner layers of the Si substrate
during the synthesis. If GaN is grown on such a
surface, the GaN layers will form on the lateral faces
of all the above-mentioned orientations. As a result,
it will be obtained a GaN film consisting of blocks of
different orientations. It was this situation that we
observed in the growth of GaN by the HVPE method
on the surface of AlN/SiC/Si(100) [12,13]. Fig. 2
shows the SEM images of such a block structure.
Fig. 2a clearly shows the beginning of etching of
silicon under the SiC layer along the (111) plane,
and Fig. 2b shows chaotically located GaN blocks.
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(b)

Fig. 2. SEM micrographs of a GaN layer grown on a non-misoriented SiC/Si(100) substrate. (a) side view;
(b) a plan view; one can see the beginning of etching of silicon along the (111) plane in Fig. (a) and chaotically located GaN blocks in Fig. (b).

Fig. 3. Atomic and schematic representations of the mechanism of successive stages of the reaction (1) on
the vicinal (100) Si surface covered with the (011) steps; a – vicinal Si(100) surface deviated by 4° toward the
[011] direction with the smallest (011) steps, in the projection on the (01 1 ) plane; b – the initial Si(100)
surface covered with the (011) steps in a perspective view; c – intermediate state between silicon and
silicon crabide; the outlined part of the Si step, which is removed during the transformation of the intermediate state into SiC(111), lies at an angle =54°44’ to the (100) face.

3. STRUCTURAL AND
MORPHOLOGICAL FEATURES OF
SiC FILM FORMATION ON Si (100)
VICINAL SURFACE
A completely different picture will be observed if SiC
is grown by the atoms substitution method on the
(100) surface deviated by 2°–7° toward the <011>
direction. If this surface is heated to a temperature

exceeding 600 °C, then the (100) plane of silicon,
according to thermodynamics, will be covered by
steps. The (100) planes will represent terraces of
this structure, while the (011) planes will be boundaries of the steps. Along the <011> directions, there
are “channels” in the silicon lattice, which is related
to the features of the crystallographic structure of
the Si lattice. Therefore, the CO molecules penetrate
deep into Si along this direction perpendicular to
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(a)

(b)

Fig. 4. (a) Schematic representation of the formation of the (111) SiC facets on a Si substrate deviated from
the (100) plane by 2°–7° toward <011> direction; 1 – Si substrate; 2 – SiC layer, wedge-shaped offset; 3 –
facets formed by the (111) face inclined by ~54°44’ to the (100) face; (b) AFM image of the SiC layer covered
with the (111) facets grown on the vicinal (100) Si surface (p-type conductivity) deviated from the <100>
direction by 4° toward <011>.

the steps. The Si surface is saturated with CO, and
as described above, the interaction of Si with CO
occurs resulting in the intermediate state that is
then transformed into SiC. During this transformation, a part of Si evaporates out of the (011) step,
and the (111) step of SiC is formed. This process is
schematically illustrated in Fig. 3.
This process removes the “degeneracy” of the
non-deviated (100) face and leads to the formation
of facets consisting of the (111) SiC faces, which
are located on the former (011) steps and not accidentally like on the (100) face, as described above.
Of course, these faces also make an angle of ~55°
with the (100) plane and an angle of ~35° with the
(011) plane. Since the attraction between the silicon vacancy and the carbon atom in the silicon
matrix is maximum along <111> direction, a part of
the (011) Si step can turn into the (112) SiC offset.
As is known, the angle between the (112) and (100)
planes in a cubic crystal with a diamond lattice is
~35 degrees. As a result, a longitudinal wedgeshaped offset of silicon carbide is formed having a
corner projecting above the step area and having an
inclined face extending to the bottom step area and
forming a slope. These SiC facets resemble fish
scales or knight’s mail armor, the plates of which
are tightly adjusted to each other. They are shown
schematically in Fig. 4a. Fig. 4b shows the experimentally obtained AFM image of the SiC layer
coated with the (111) facets grown on the vicinal(100)
Si surface deviated from the <100> direction by 4°
toward <011>.

As a result, the Si(100) surface is covered with
an array of wedge-shaped parallel steps having the
form of triangular prisms (lateral faces of pyramids)
[3,12]. We note that the symmetry of such prisms
is characteristic for both cubic and hexagonal crystals, i.e. the symmetry is not degenerate. This
means that crystals of both cubic and hexagonal
symmetries can grow on these surfaces. And what
is very important is that it depends not on the orientation of the substrate but only on the thermodynamic conditions, i.e. on the temperature and density of the falling streams of components, from which
the layer grows. If a hexagonal modification is stable under the given conditions, then the hexagonal
one will grow; if a cubic structure is stable, then the
cubic one will grow. This discovers entirely new prospects to grow hexagonal semipolar crystals. This
method was first realized in the works [12–14], where
the epitaxial layer of semipolar GaN was synthesized. Fig. 5 shows images of the semipolar GaN
(Fig. 5a) and AlN (Fig. 5b) layers grown on (100) Si
surface deviated from the <100> direction by 4° toward <011>.
From these figures, the formation of druses of
inclined crystals is clearly seen. These druses were
nucleated on the surface of the facets (the (111)
planes) appeared as an ensemble of substrates
analogous to the steps on vicinal surfaces. Since
the angle between the (111) face and the (100) face
is ~54°44’, the druses of GaN and AlN crystals grow
at the same angle to the (100) face. At that, the caxis of these crystals is almost parallel to the [111]
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(b)

Fig. 5. SEM micrographs of GaN (a) and AlN (b) layers grown on the surface of the SiC layer synthesized
on the (100) Si surface (p-type conductivity) deviated from the <100> direction by 4° toward <011>.

Si direction, i.e. the GaN and AlN layers have a
semipolar orientation. We note that the GaN layers
nucleated on the facets further expand and form
parallel GaN crystal blocks similar to crystal aggregates, “druses” or “brushes”, formed during growth
under natural conditions [15]. Crystals in an ensemble of crystalline “brushes” are oriented in one direction and have smooth interfaces between individual crystal outgrowths. It was this phenomenon
that appeared in the growth of semipolar GaN layers on the AlN/SiC/Si(100) substrate, it is well presented in Fig. 3. This fact unambiguously indicates
the orienting effect of the SiC facets. According to
the principle of geometric selection established by
G. G. Lemmlein [15], only those crystals get preferential evolution whose direction of maximum growth
rate is perpendicular to the substrate. In the case of
bulk growth of crystals on a substrate, the density
of the survived crystals is N~1/ h , where h is the
distance from the substrate [15]. In our case, the
(111) SiC facets were formed on the (100) Si face
from the <011> step directly during the SiC growth
by the method of substitution of the substrate atoms. These facets lie along the [0 1 1] direction perpendicular to the [011] direction and represent crystal
seeds, on the surface of which the AlN nuclei grow.
Crystal blocks of such a “brush” coalesce along the
(11 2 0) plane in the [0 1 01] direction. Thus, upon
the formation of such facets on Al/SiC/Si(100), the
growth rate of the GaN crystal is maximum in the
semipolar [11 2 0] direction. As is known from the
theory of crystal growth, faces with the largest Miller
indices grow at the fastest rate. Therefore, the growth
rate of the (11 2 0) faces is greater than that of the
(0001) face at the beginning of the process. However, since there is a geometric restriction of growth

in this direction due to the collision of neighboring
crystallites, they collide on the (11 2 0) planes and
begin to grow in a single free direction, i.e. along
the c-axis, which has an inclination of with respect
to the [0001] direction. At that, the Lemmlein’s geometric selection leads to the formation of an ensemble of arranged semipolar aggregates of GaN
crystal “brushes”.

4. STRUCTURAL AND
MORPHOLOGICAL FEATURES OF
SiC FILMS FORMATION ON Si (100)
VICINAL SURFACES OF n- AND pTYPE OF CONDUCTIVITY
There is, however, one feature of the films growth on
(100) Si surfaces, discovered and described earlier
in the paper [16], some of its authors are the authors of this article. According to the experimental
data [16], the ensembles of semipolar GaN and AlN
layers grow only on (100) Si substrate surfaces
deviated from the <100> direction by 4–8° toward
the <011> direction and having p-type conductivity.
On the Si(100) substrates of n-type conductivity, no
matter if deviated by 4–8° toward <011> or not, only
the polycrystalline films grow. Moreover, the experiment shows that the more donor dopants is added
to Si (we checked this with phosphorus and antimony dopants), the more blocky the SiC films grow,
and vice versa, the higher the resistivity of the ntype substrate, the closer the structure of the SiC
films approaches to the structure of SiC films grown
on p-type substrates. Thus, with the substrate resistivity greater than 100 .sm-1, the differences
between the growth mechanisms of GaN and AlN
practically disappear.
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In our opinion, the essence of this phenomenon
is as follows. The formation of the dilatation dipoles
leads to the fact that the chemical reaction of the
transformation of silicon into silicon carbide proceeds
in two stages. First, the dipoles are formed, and
only then a silicon carbide film is formed. In the
dipole state, the electrons in the carbon atom have
sp2 hybridization. In the silicon carbide state, electrons in the carbon atom have sp3 hybridization. It
is this difference in the properties of carbon in different states that, in our opinion, leads to the fundamental differences between the growth of SiC films
on the n- and p-type Si(100) surfaces deviated from
the <100> direction by 4–8°. Indeed, the electron
clouds of the carbon atom in the dilatation dipole
must be directed toward the vacancy. The electron
clouds of valence electrons of the silicon atoms
adjacent to the silicon vacancy have, as in the case
of the presence of the silicon atom, the sp3 hybridization state. However, the electron clouds of silicon
atoms adjacent to the silicon vacancy and directed
toward it are degenerate and filled with two electrons. These lone-pair electrons do not make a bond
if there are no impurities in the crystal, but they can
create a donor-acceptor bond with the carbon atom
located in an interstice, since the carbon atom has
a free unoccupied electron orbital. In the CO molecule participating in the formation of SiC, there are
three bonds, two of which are formed by the exchange mechanism, and another one by the donoracceptor mechanism. However, in our opinion, the
possibility of forming a donor-acceptor bond between
the vacancy and the carbon atom depends on the
presence and the type of extrinsic charge carriers
in Si. Let’s consider this in more detail.
As noted above, in the second stage of reaction
(1), the dilatation dipoles are transformed into silicon carbide and pores. Silicon carbide, like silicon,
is a covalent crystal having tetrahedral coordination
of atoms with sp3 bonds between them. According
to the paper [17], in order to form a crystal with sp3
bonds and tetrahedral coordination, which has no
free electrons, it is necessary to satisfy the two
conditions: 1) the average number of valence electrons per structural element, including stoichiometric vacancies (in our case, these are silicon vacancies formed in the first stage of reaction (1)), must
be equal to four, this is the so-called “electron condition”; 2) the number of structural elements in the
cation sublattice must be equal to the number of
structural elements in the anion sublattice, this is
the so-called “structural condition”. In the case of a
Si crystal, both lattices are equivalent. As is known,
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the crystal cell of a diamond can be represented by
two face-centered sublattices combined in such a
way that one of them is displaced by a quarter of
the spatial diagonal of the cube. In our opinion, the
above rules are also suitable for describing equivalent Si sublattices. According to these rules, only
isovalent impurities do not lead to the generation of
extrinsic conductivity in Si. As is well known, an
introduction of an atom with a lower valence or an
atom with a higher valence leads to the generation
of extrinsic conductivity in Si. Now let the impurity
atom be completely ionized, but its introduction does
not lead to the origin of a new node in the lattice,
i.e. the conditions 1 and 2 are not satisfied. This
means that a dissolution of the impurity without the
formation of free charge carriers is impossible. Such
dissolution is possible only if the atoms are not ionized, for example, by getting into an interstitial space
or forming a single object “ the dilatation dipole acting as a whole like an embedded impurity. At that,
the dilatation dipole, as we have shown, must behave as a donor dopant of the n-type conductivity.
This leads to the following effect. Let’s suppose, for
example, that Si is doped with an acceptor dopant,
i.e. it is a conductor of the p-type conductivity. Since
the synthesis of SiC in the reaction (1) takes place
at a high temperature of about 1250 °C [1–5], it can
be assumed that during the synthesis all dopants
in Si are ionized. According to [18], the solubility of
donor dopants ND in the form of atoms [D] and ions
[D+] equals






N D  [D ]  [D ]  [ D ]  1 

K D (T ) 
n

,


(4)

where KD(T)= [D+]n/[D] is the ionization equilibrium
constant of the donor impurity; n is the concentration of elecrons. For acceptor dopants, one can write
the analogous equation






N A  [ A ]  [ A ]  [ A]  1 

K A (T ) 
p

,


(5)

where KA(T)= [A-]p/[A] is the ionization equilibrium
constant of the acceptor impurity; is the concentration of holes. The equilibrium constants KD(T) and
KA(T) depend on temperature as follows

 ED 
,
 k BT 

(6)

 E A 
,
 k BT 

(7)

K D (T )  K D 0 exp  

K A (T )  K A 0 exp  
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where KD0 and KA0 are the factors independent of
temperature, ED=Ec-ED and EA=EA-EV are, correspondingly, the depths of the donor ED and acceptor EA levels from the bottom of the valence band EV
and the upper edge of the conduction band Ec, kB is
the Boltzmann constant. The concentrations of holes
and electrons are related to each other by the relation
np  ni  K i (T ),
2

(8)

where ni is the charge carrier concentration in an
intrinsic semiconductor,

 E g 
,
 k BT 

K i (T )  K i 0 exp  
Ki 0 

1  k BT 

3
3

2
 2  ( mn mp ) ,
2   

mn and mp are the effective masses of electrons
and holes correspondingly,  = h/2 , h is the Planck
constant, Eg=Ec-EV is the energy bandgap. As
follows from Eqs. (4), (5) and (8), the higher is the
hole concentration in the initial semiconductor, the
easier to dissolve donor impurities, and vice versa.
At high temperatures, it can be assumed that all of
the dopants are ionized, so one can omit the unit in
Eqs. (4) and (5). Taking into account the
electroneutrality equation, for example, for Si of the
p-type conductivity
2



p  [A ]  n 

ni

.

p
Inserting (8) into (4) for the temperature range at
which all of the dopants are ionized, we have

 K D (T ) p 

 K i (T ) 

ND  [D ] 
[D ]

KD0 p
Ki0

 E g  ED 
,
 k BT


exp 

(9)

or accounting that npni in the range of high temperatures, we have

 K D (T ) p 

 K i (T ) 

ND  [D ] 

1/ 2

 E g 2  ED 
.
k BT



[D ]K D 0 K i 0 exp 

(10)

Similarly, one can obtain expressions describing the
solubility of acceptors in Si as a function of the concentration of free electrons in it. Note that it follows
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from (10) that if Eg/2>ED, the solubility of the completely ionized impurity will decrease with temperature. In a general case, the curve of the temperature
dependence has a maximum. We will make a separate report on the analysis of this situation.
So, the higher the hole concentration in Si, i.e.
the more acceptor dopants present there, the easier
it is to dissolve donor dopants there. And vice versa,
the higher the electron concentration in Si, i.e. the
more donor dopants present there, the easier it is
to dissolve the acceptor dopants there.
In the case of SiC growth on Si, this conclusion
plays a decisive role. Indeed, as we have shown
above, the dilatation dipole is a donor impurity (actually, not the dipole itself, but the silicon vacancy
formed due to the chemical removal of one of the Si
atoms), so, according to Eq. (9), the formation of
the dilatation dipole is energetically favorable in silicon of the p-type conductivity. This means that reaction (1) in Si doped with acceptor dopants (boron
atoms usually) proceeds necessarily through the
stage of formation of the dilatation dipoles. Since
boron, as a dopant, can get into the already formed
SiC film, some carbon atoms and Si atoms located
near the surface or near the Si substrate interface
are slightly displaced relative to each other. The Si
atoms evaporate easily from the SiC surface during
the film cooling from the synthesis temperature to
room temperature. This process will be especially
intense, if elastic stress arises, which leads to the
appearance of the Gorsky effect described in paper
[19]. The SiC growth on Si substrates of the n-type
conductivity is somewhat different. As was shown
earlier in the papers [2–4], the formation of the dilatation dipoles “silicon vacancy – carbon – silicon” is
a necessary condition for reaction (1) to proceed.
Due to the formation of these objects, the dilatation
elastic energy, arising from the introduction of the
carbon atom and the formation of the vacancy, relaxes. However, if the Si substrate is heavily doped
with a donor impurity, for example, phosphorus or
antimony, then according to our conclusions (9),
the formation of a donor impurity, namely the silicon vacancy, will be unfavorable from the energy
point of view. The chemical potential for the formation of the silicon vacancy depends on the electron
concentration in Si, i.e. on the position of the Fermi
level. It may happen that in the heavily doped Si,
the dipoles either can not form, or their lifetime is
much less than in non-doped Si, which was estimated in [3] to be  ~ 110-4 sec. If the dipoles are
formed nonetheless, then the rate of the first stage
of reaction (1) will be less than in a non-doped Si or
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p-type Si. However, the second stage of reaction
(1), i.e. the stage of the transformation of the dipoles into the SiC layer, will, on the contrary, proceed much faster than in a non-doped Si or p-type
Si. Thus, the type of doping results in the asymmetry of the intermediate stages of reaction (1), which
certainly affects the structure of the SiC layers. So,
the SiC structure consisting of the facets, shown in
Fig. 3, is formed only on the p-type Si(100) surface
deviated by 2–7° toward the <011> direction. And it
is formed, as noted above, due to the formation of
elastic dipoles consisting of a carbon atom in an
interstitial position and a silicon vacancy (C–VSi).
The elastic dipoles are formed in the first stage of
reaction (1), since their formation is energetically
favorable in a p-type Si. The dipoles are located along
the <111> direction and lie inside the (011) step. In
the second stage of reaction (1), the elastic dipoles
transform the (100) Si surface with the (011) steps
into the SiC surface coated with the (111) facets.
Upon this transformation, instead of the (011) step
perpendicular to the (100) face, the (111) face is
formed at an angle ~54°44’ to (100), the crystal volume contracts [3], and elastic stress may arise at
the interface between the (100) and (111) planes.
And this stress will be compressive. This means
that, according to the Gorsky effect, appearance of
which was predicted in paper [19], a lot of Si vacancies and associated carbon atoms may be contained
on the SiC film surface at the interface of the corner
joints of the (111) and (100) faces. The excessive
elastic stress may lead to a reorientation of the elastic dipoles, displacement of the vacancies, like in
the effects observed with the growth of a SiC film on
a vicinal (111) Si surface and described in review
[3]. As a result, the SiC(100) surface coated with
the (111) facets may contain both twinning 3C-SiC
structures and layers of hexagonal SiC polytypes.
On the n-type Si(100) surface analogously deviated by 2–7° toward the <011> direction, the first
stage of reaction (1) proceeds without the formation
of the elastic dipoles, or their lifetime is much less
than the lifetime of the dipoles in the p-type Si. The
carbon atom immediately gets into the place of the
Si vacancy. In this case, the next stage is the
delamination of the structure “Si – carbon into Si
vacancy” from the “parent” Si matrix and the formation of the SiC film together with the pores [3,20]. A
shorter lifetime of the dipoles results in a smaller
penetration of the CO gas inside the Si substrate,
since the rapidly formed SiC layer simply closes
the gas access to the inner layers of the substrate.
The film-substrate interface is more sharp and flat
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with a smaller number of pores. Only the
delamination of the film from the matrix occurs, at
which, as shown in [3], the chemical bonds break
up between each fourth crystal cell of the Si matrix
and every fifth crystal cell of the SiC film, i.e. every
fourth and every fifth corresponding bonds are coherently conjugated, while the other bonds under
the SiC layer are open. In the case of SiC growth on
the n-type Si(100) surface, this process leads to
the formation of a 3C-SiC polytype, as a rule, in a
wide range of the CO and SiH4 pressures and growth
temperatures. While in the case of SiC growth on
the p-type Si(100) surface, mixtures of cubic and
hexagonal polytypes are usually formed. We note
that these conclusions are qualitative so far, the
reaction rate can change with the variation of the
temperature and CO pressure. Indeed, formulas (9)
and (10) are derived only for the range of high temperatures, in comparison with the ionization energies of dopants, which we do not estimate in this
paper. In the general case, as we noted above, the
curve of the temperature dependence have a maximum. This means that, depending on the synthesis temperature and the CO pressure, the situation
may happen the other way around. Moreover, these
processes strongly depend on the degree of doping
of the substrate (9). A rigorous theory of this phenomenon we will describe in a separate report.
To verify the model described above, we carried
out a series of experiments on the SiC films growth
on vicinal surfaces of p- and n-type Si substrates
with the (100) orientation deviated by 4° toward the
<110> direction. In the experiments, we used the ptype Si doped with boron (KDB mark) with the resistivity of 10 .cm and the n-type Si doped with
phosphorus (KEF mark) with the same resistivity of
10 .cm. These substrates were similarly cut out,
grinded, polished, washed and terminated by hydrogen by the technique described in [21]. The synthesis of SiC films was carried out in one process
under the same conditions. The composition of the
gas mixture, the synthesis temperature and growth
time of SiC films were identical and corresponded
to the optimal synthesis conditions proposed in [1–
4]. The synthesis was carried out at a temperature
of 1250 °C in a mixture of gases CO + SiH4. The
synthesis time was 20 min. The CO pressure was
PCO = 80 Pa. The flow rate of the CO gas during the
synthesis was 12 sccm, while the flow rate of the
monosilane SiH4 was 0.25 sccm. Fig. 6 shows SEM
micrographs of surfaces and cross-cuts of the SiC
films grown on Si of the p- and n-type conductivity.

Growth of epitaxial SiC layer on Si (100) surface of n- and p- type of conductivity by...

(a)

(c)

(b)

(d)
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Fig. 6. SEM micrographs of surfaces (a, c) and cross-cuts (b, d) of the SiC films grown on the p-type KDB
(a, b) and n-type KEF (c, d) Si(100) substrates deviated by 4° toward the <110> direction.
(a)

(b)

Fig. 7. a “ AFM image of a SiC film synthesized on the n-type KEF Si(100) substrate deviated by 4° toward
the <110> direction; b “ SEM micrograph of a GaN layer grown on the surface of the SiC layer synthesized
on the n-type KEF Si(100) substrate deviated by 4° toward the <110> direction.

Fig. 6 clearly shows differences in the morphology and structure of both the surface of the films
and the interface between the films and the
substrates. The SiC layer grown on the p-type Si
consists of SiC facets having a characteristic appearance of “fish scales”. The boundary of the filmsubstrate interface is vague; a large number of pores
resides under the film. The surface of the film is

covered by pyramidal projections (Fig. 6b). The
morphology of the SiC layer grown on the n-type Si
is different. The surface of the layer is smooth, the
film-substrate interface is flat with a relatively small
number of pores.
Fig. 7a shows an AFM image of the SiC film
grown on the n-type Si, which one can compare
with the image of SiC grown on the p-type Si, shown
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Fig. 8. Comparison between the experimental and
model diffractograms in the <110> axis projection
for samples with the SiC film synthesized on the ptype KDB Si(100) substrate deviated by 4° toward
the <110> direction.

Fig. 9. Comparison between the experimental and
model diffractograms in the (110) section for the SiC
film synthesized on the n-type KEF Si(100)
substrate deviated by 4° toward the <110> direction.
earlier in Fig. 4b. One can see that in contrast to an
ordered array of SiC facets on the p-type Si, the
surface of the SiC film on the n-type Si has a disordered structure. On this surface, a GaN layer was
grown by the HVPE method. A SEM image of the
surface of this layer is shown in Fig. 7b. One can
see that the GaN layer has grown as a polycrystal
consisting of GaN blocks of different orientations.
This is significantly different from the epitaxial GaN
layer, a SEM image of which is shown in Fig. 5a,
which was grown on the SiC film surface under the
same conditions as GaN in Fig. 7b, but on the ptype Si substrate.
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Due to the fact that it is possible to grow welloriented epitaxial GaN and AlN films on the surface
of SiC films synthesized on the p-type Si(100)
substrate, the following natural question arises. Why
are the layers of hexagonal GaN and AlN crystals,
grown on the cubic (100) surface of SiC, epitaxial?
This surface should not orient hexagonal crystals
during their growth, but it behaves anomalously. In
this sense, concerning the orientation of the growth
of hexagonal crystals, the surface of the SiC layer
synthesized on the n-type Si(100) substrate behaves
as usual for a cubic (100) surface. It is obvious that
the SiC layer synthesized on the p-type Si(100)
surface has a crystal structure different from the
SiC layer synthesized on the n-type Si(100) surface. To verify this hypothesis, we have investigated
the surface of SiC layers synthesized on p- and ntype Si(100) using the metod of reflection high-energy electron diffraction (RHEED) and compared the
experimentally obtained diffractograms with the
model ones. Figs. 8 and 9 show experimental and
model diffractograms for the samples (see the SEM
images in Fig. 6) with a SiC layer grown on p- and
n-type Si(100) substrates correspondingly.
In the modeling, we took into account that the
crystal lattices of silicon and silicon carbide are diamond-like. In such lattices, formation of stacking
defects, twinning and polytypism is observed [22].
When the twinning occurs, on the surface of such
structures, crystallites rotated by 180° around the
<111> axis are formed. The boundary of such twin
structures is a stacking defect. In the case of multiple twinning, one can speak of polytypism up to
the formation of wurtzite-type structures for compounds of the AB type or lonsdaleite for elementary
materials [23]. Note that possible crystallites of the
wurtzite structure can have the <0001> and <1100>
axis coinciding with orientations of, correspondingly,
the <111> and <112> axis in the face-centered cubic (fcc) phase. It follows from the presented
diffractograms that in the case of the growth on the
p-type Si(100), a complex diffraction combining 5
groups, 3 cubic and 2 hexagonal structures, is observed. In particular, from the fig. 8 one can observe
the groups of reflexes (1 1 0 2 ), (2 2 00), (2 2 0 2 ),
which do not coincide with any of the groups for the
fcc structures, which indicates the appearance of a
hexagonal phase in the sample.
Comparison between the experimental and
model diffractograms in the (110) section for the SiC
film synthesized on the n-type KEF Si(100)
substrate deviated by 4° toward the <110> direction
(Fig. 9) shows only one combination of reflections
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current-voltage characteristic of the diode type shown
in Fig. 10a for the SiC/Si heterostructure on the ptype Si(100) substrate deviated toward the <110>
direction. The cutoff voltage of this structure is about
0.2 V. Meanwhile the current-voltage dependence
for the SiC/Si heterostructure grown on the n-type
Si(100) substrates deviated toward the <110> direction is pseudo-ohmic with a very weak diode
characteristic (Fig. 10b).
It should be noted that SiC/Si heterostructures
grown earlier [24] on the n-type Si(100) substrates
and having diode characteristics were obtained only
on the singular (100) Si face. Those heterostructures
also had appreciable photosensitivity [24]. As noted
above, in the process of atoms substitution, this Si
face transforms into the SiC face consisting of an
array of differently oriented facets resembling
sawtooth structures. Apparently, they may consist
of layers of different polytypes, and this leads to a
diode characteristic of current-voltage dependences
measured for SiC/Si heterostructures grown on the
singular (100) plane of the n-type Si substrate.

5. CONCLUSION

Fig. 10. The current-voltage curves of SiC/Si
heterostructures synthesized on the p-type (a) and
n-type (b) Si(100) substrates deviated by 4° toward
the <110> direction. The blue squares and the red
asterisks indicate the curves measured for different
values of the contact area and its resistance.

corresponding to the cubic face-centered 3C-SiC
crystal.
Thus, the structures of the SiC films on Si(100)
substrates deviated by 4° toward the <110> direction are significantly different for the p- and n-type of
conductivity of Si. On the surface of the p-type
substrates, it is possible to form layers of the hexagonal phase. In our opinion, it is the facets (Figs.
4 and 6a) that are covered by a layer of hexagonal
phase allowing to grow AlN and GaN semipolar
epitaxial films on their surface.
It is possible that the SiC facets grown on the ptype Si(100) substrates deviated toward the <110>
direction consist of several layers of various SiC
polytypes, as well as the SiC films on Si of the
(111) orientation [3]. The fact of presence of several
layers of various SiC polytypes is confirmed by the

In summary, it has been proved that the degree and
type of doping significantly affect the structure and
morphology of SiC films formed during the reaction
of substitution (1). It has been shown that the surface of the SiC film synthesized on the surface of
the p-type Si(100) substrate, deviated by 4° toward
the <110> direction, consists of facets covered with
a hexagonal SiC polytype. The planes of the hexagonal facets can have the (1 1 0 2 ), (2 2 00), (2 2 0 2 )
orientations, which provide the growth of high-quality epitaxial semipolar hexagonal AlN and GaN films
by the HVPE method. The surface of the SiC film
synthesized on the surface of the n-type Si(100)
substrate, deviated by 4° toward the <110> direction, does not contain the hexagonal facets and has
cubic 3C-SiC polytype. This surface can serve as a
good buffer layer on Si for the growth of semiconductors crystallizing in a cubic system. The studies have shown that the initially flat singular (100)
Si face, during the substitution reaction, transforms
into a SiC surface consisting of a number of disordered facets resembling sawtooth structures. The
measurements have shown that the current-voltage
characteristics of the SiC/Si heterostructures grown
on Si(100) substrate deviated by 4° toward the
<110> direction have a typical diode appearance for
the p-type conductivity of Si, but they have a pseudoohmic form with a weak diode characteristic for the
n-type conductivity of Si.
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