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Abstract. This review represents the last achievements in synthesis of epitaxial layers of gallium
nitride (GaN) on silicon (Si) substrate. The basic physical, crystallography and physical-chemical
properties of semipolar gallium nitride are described. The possible use of semipolar gallium
nitride in production of devices for opto- and microelectronics is discussed. The methods of
synthesis of semipolar GaN layers are considered with an emphasis on their advantages and
drawbacks. Considerable attention is given to the original method of synthesis of semipolar GaN
on planar Si(100), Si(210) substrates with interlayers of SiC and AlN. It is based upon the synthe-
sis of thin SiC-layers on the surface Si(100) or Si(210) using the new method of atom substitu-
tion. Such an approach makes possible the epitaxial layers of the semipolar GaN to be synthe-
sized on the Si substrate with deflection of the layer from the Si 100) plane by an angle ~ 55° and
with a half-width of the X-ray diffraction rocking curve of GaN(1-101) of the order 

0
~20'.

1. INTRODUCTION

Nitrides of the third group, which exhibit some unique
properties, have been the subject of much investi-
gation over many years. Beginning in 60th of last
century, the researchers directed a major effort to-
ward the development of synthesis of epitaxial lay-
ers and single crystals of GaN. Along with develop-
ing of the synthesis methods, the properties of epi-
taxial layers GaN have been studied. The main prob-
lem which retards the progress in developing of tech-
nology of the GaN-layers and crystals was the ab-
sence of appropriate substrates for synthesis of ni-
tride crystals. The review [1] deals with the synthe-
sis of GaN, however the synthesis of semipolar GaN
is not considered since the considerable study to
this subject has only been given last years. Actu-

ally, the instruments for optoelectronics are in gen-
eral constructed on the basis of structures of gal-
lium nitride which are grown in direction parallel to
the c-axis of a hexagonal GaN crystal (polar struc-
tures). The use of polar structures for producing of
the quantum-well (QW) III-nitride optoelectronic in-
struments leads to the Stark effect. This effect is
due to the strong piezoelectric polarization in polar
structures [2]. The piezoelectric polarization is ab-
sent in semipolar structures, and this fact opens
bright opportunities for developing devices of new
generation on the basis of semipolar (Al,Ga,In)N
structures.

Semipolar structures of GaN contain the
semipolar plane on their surface. Some of the pos-
sible semipolar planes in the crystalline cell of the
hexagonal GaN crystal are shown in Fig. 1. The
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Fig. 1. Different polar (a), non-polar (b), semipolar (c-k) planes in the wurtzite-like crystal of III-nitrides.
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Table 1. Angles of deflection from the c-axis for the
different semipolar planes.

values of angles between the semipolar planes and
the c-axis are given in Table 1.

In the last two decades all main producers of
the instruments on the basis of semiconductors III-
nitrides are engaged in the epitaxial growth of the
volume gallium nitride. Many companies perform a
thorough investigation to develop the technology of
synthesis of quasi-substrates for the growth of
semipolar GaN. For instance, the Ammono com-
pany is under way to develop the ammono-thermal
method, and the MTI Corporation institutes - the
methods of the chloride-hydride gaseous-phase
(HVPE) synthesis of semipolar GaN on the sap-
phire substrate. At the present time these methods
are still rather expensive for commercial production
of light-emitting-diodes (LED) and laser structures.
The cost reduction is the problem of prime impor-
tance in the LED industry, and is of particular value
for the use of light-emitting diodes for domestic con-
sumption% The producers of LED’s are making ef-
forts to obtain the LED gallium-nitride structures on
large-sized substrates. This tendency is conditioned
by the fact that the production cost of the LED-chip
on a substrate of larger size is significantly lower
than that of the similar chip on a substrate of smaller
size% At present the producers of LED’s are trying
to use substrates of size up to 12 in. [7]. The sap-
phire and carbide silicon substrates of such a di-
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ameter are not presently produced. Moreover, even
though they were produced, the cost would be ex-
tremely high. Namely the silicon substrate is there-
fore one of the most promising substrates for syn-
thesis of structures on the basis of gallium nitride.
The use of low-cost silicon substrates of larger size
for producing quasi-substrates from semipolar gal-
lium nitride is an attractive way for the cost reduc-
tion of laser structures.

2. SPONTANEOUS AND
PIEZOELECTRIC POLARIZATION IN
HEXAGONAL III-NITRIDE
STRUCTURES

The hexagonal layers of III-nitrides are usually syn-
thesized on the plane (0001) of a sapphire substrate.
In this case, on each from the two surfaces of the
layer of III-nitride, in the course of synthesis there
are formed polarization charges. This gives rise an
internal electric field in the layer, which has the strong
effect on the optical and electrical properties of semi-
conductors of this kind. Charges on surfaces of
semiconductors, as far as it is known, are induced
by both spontaneous and piezoelectric polarization.
The latter effect is due to the mechanical stresses
which arise inside the material. Polarity of an inter-
nal electric field depends on the kind of deformation
and on the direction of synthesis of crystals, which
can occur either from the side on which the gallium
atoms come, or from the side on which the nitrogen
atoms do (Fig. 2). Mechanical deformation of the

Fig. 2. Schematic sketch of the surfaces GaN(0001) and GaN(10-11), directions of the polarization vector
and zone QW-diagrams for the polar and semipolar structures InGaN/GaN. (a) the section of the polar and
semipolar structure InGaN/GaN; (b) polarization in the polar and semipolar structures InGaN/GaN; (c) QW-
zone diagrams for the polar and semipolar structures.

epitaxial layer may be caused by its tension or com-
pression.

The internal electric field in the layers with quan-
tum wells, which arises in the polar structures GaN/
InGaN/GaN separates the electrons and holes. Such
a separation decreases the probability of radiative
recombination. This effect is most evident in struc-
tures whose thickness of the active InGaN-layers
exceeds 100 Å% In order to reduce the influence of
this effect, researchers form very thin active layers
of thickness commonly in the range from 20 to
30 Å%

The influence of strong electric fields which are
caused by polarization effects may be reduced by
increasing the concentration of free charge-carriers.
For this purpose, either the active areas should be
doped or the injection current should be increased.
These actions provide screening of internal electric
fields, resulting, however, in a shift of a radiation
maximum, which is observed in LED’s, made on
the basis of InGaN, with increasing of the injection
current.

 It was shown that when the deflection angle of
the surfaces of the GaN/InGaN/GaN structure con-
taining a quantum well of thickness 3 nm from the
c–axis, increases, the sign of polarization of charge-
carriers may change [8]. Note that the change of
the polarization sign is associated with the percent-
age of In in InGaN. For instance, in order for the
polarization sign to be changed in the structure GaN/
InGaN/GaN containing the semipolar planes (11-22),
the percentage of indium in the solid solution of
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InGaN must be 25-30% [8]. It was proved that the
change of the polarization sign in the InGaN/GaN-
structures with quantum wells depends on the ori-
entation of the semipolar plane, indium content in
InGaN-layer and concentration of the charge-carri-
ers in a quantum well [9,10]. For semipolar layers
the polarization in the direction perpendicular to the
layer surface decreases and becomes zero in the
case of the non-polar layer (Fig. 2). However, at the
same time as the polarization field decreases, the
mismatching of the crystalline lattices between the
layer and the substrate increases. The mismatch-
ing of the crystalline lattices results in the forma-
tion of stacking faults in the hexagonal lattice, which
has negative effect on the light-emission properties
of crystals. In order to obtain the necessary char-
acteristics of devices operating on the semipolar
InGaN/GaN- structures, the densities of stacking
faults in them must be lower than that for the same
devices operating on the polar InGaN/GaN- struc-
tures [4]. Thus, it is necessary to find out the com-
promise between a decrease of the polarization field
directed along the normal to the surface of the
sample, and an increase of the number of stacking
faults. The authors of papers [3,11] proposed the
technique which makes possible to avoid this prob-
lem and synthesize the layers of semipolar GaN.
For this purpose, they specifically etched the sub-
strate so that the layer of GaN be synthesized at a
certain tilt to the surface of the substrate. As a re-
sult of this synthesis procedure, in the course of
growth the layers of GaN are closed into the homo-
geneous semipolar GaN- layer.

3. OPTICAL PROPERTIES OF
SEMIPOLAR InGaN/GaN-
STRUCTURES SYNTHESIZED ON
SILICON SUBSTRATE

The first light-emitting diode (LED) on the basis of
GaN-structure on Si-substrate has been synthesized
with the use of MBE-method by IBM-company. This
diode emitted light in ultra-violet range [12], though
it contained a high density of faults in the double
hetero-structure GaN/AlGaN [12]. Tran et al. [13]
were the first who reported on obtaining of GaN-
structures on Si by the MOVPE-method. Here they
have come against the basic problem of formation
of cracks in a GaN-layer on Si-substrates. It be-
came apparent that namely this problem will be the
decisive factor hampering the proceeding of syn-
thesis of nitride structures on silicon substrates.

One of the evident solutions of this problem was
to use of intermediate layers, and thus reduce elas-

tic stresses between a GaN-layer and a Si-sub-
strate. The authors of work [14], for example, formed
the intermediate layers of AlGaN/AlN between the
GaN-layer and the Si-substrate, while the authors
of [15] produced the intermediate low-temperature
(LT) AlN-layers. Using the MOCVD method, they
managed to synthesize without cracks the GaN-
layers of thickness larger than 1 m on Si. Later
on, the single-crystalline LED-hetero-structures on
silicon were synthesized on the basis of the AlN/
GaN/AlGaN transition layers [16-22]. In recent years
the BridgeLux [7,23] and Osram [24] companies
announced the production of LED’s of power ex-
ceeding 600 mW at current 350 mA. These data
were obtained for the chip in which the absorbing
surface of the silicon substrate has been removed.
One can state that there are no any principal re-
strictions on producing of the GaN LED’s on Si%

At present researchers are pursuing the inten-
sive theoretical [25] and experimental [26] studies
of properties of LED-structures synthesized on the
basis of nonpolar and semipolar epitaxial GaN-lay-
ers.  It was demonstrated that the internal quantum
efficiency of InGaN/GaN LED’s synthesized on the
nonpolar m-GaN [27] and semipolar GaN(11-22) [28]
planes is essentially higher than that of the similar
diodes synthesized on the polar plane of GaN(0001)-
crystal. This effect was also observed in the pro-
cess of growth of nonpolar LED’s on silicon sub-
strates [29].

The authors of work [30] obtained the LED InGaN/
GaN-structure on the basis of  semipolar (1-101)-
gallium nitride synthesized on silicon and compared
the quantum efficiency of a current of this structure
with that of the LED structure grown on polar GaN.
It is clearly seen that with increasing density of the
current through the structure, the efficiency of the
LED on the basis of semipolar GaN is higher than
on the basis of polar GaN.

The present review focuses on the semipolar
gallium nitride hetero-structures synthesized on sili-
con substrates. The properties of semipolar struc-
tures on the basis of GaN, synthesized on the sap-
phire substrates are thoroughly considered in re-
views [11,31] and aren’t touched upon in later sec-
tions.

Several different ideas were advanced for the
synthesis of semipolar-GaN on Si substrate. In the
early stage of investigations the researchers came
up with the idea of the use of the LT buffer AlN-layer
in which the crystalline seeds of ALN would orga-
nize the synthesis of semipolar GaN [32,33]. How-
ever, the studies of the synthesis mechanism with
the use of LT seeds of AlN have revealed the seri-
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ous problems which was the synthesis of semipolar
GaN in various chaotic directions, resulting in the
low crystallography indexes of semipolar GaN. At a
later time there was proposed the idea of using the
faces of silicon substrate itself in the synthesis of
semipolar GaN. Thus, for synthesis of semipolar
(1-101)GaN, the mask of SiO

2 
with 2 m-fringes and

1 m-window is firstly deposited on Si(001)-sub-
strate, then the substrate is subjected to a slow
etching to the depth of 1 m that to form the Si(111)
faces. Then one of the Si(111) faces is closed by
SiO

2
, and on the other (-1-1-1)Si-face, using the

MOVPE-method, the intermediate AlN-layer of thick-
ness of about 70 nm is synthesized with the subse-
quent layer of semipolar GaN [34-38]. With the help
of such a method of synthesis of semipolar (1-101)
GaN, the LED InGaN/GaN structures may be pro-
duced on (001)Si [39]. It was shown that if the sur-
face of the Si(112) substrate is prepared by this strat-
egy, then the qualitative m-GaN layers can be syn-
thesized by MOCVD method [29]. With the help of
the X-ray diffraction method it was found that the
crystallographic deflection of the (0002)AlN plane
occurs on the boundary with the silicon substrate
[40]. It was discovered that the preliminary carbon-
ization of the (001) Si-surface, tilted by 4° from the
direction <001>, also leads to the growth of
semipolar orientation of GaN. The MOVPE method
was used to synthesize the GaN layer of 2 m-
thickness with (10-12) orientation on the preliminary
carbonated Si(001) surface [41]. In this case the

Chip size Wavelength Output power Forward Voltage Reference
LED Lateral devices (unpackaged)

300 300 m 455 nm W=0.152 mWI=20 mA V=4.5 V I=20 mA [16]
500 500 m 455 nm W =0.5 mWI=20 V=3.5 V I= 20 mA [7]

mAW =1 mW I=45 mA

Vertical devices

1mm 1mm Blue W=634 mW I=350 mA V=3.15 VI= 350 mA [24]
1.4mm 1.4mm 438 nm W=485 mW  I=350 mA V=3.2 V I= 350 mA [22]
1.1mm 1.1mm Blue W=614 mW  I=350 mA V=3.1 V I= 350 mA [23]

Semipolar GaN laser diodes
GaN plane Threshold current density Wavelength Reference

Ga(1100)/GaN(1100) 7.5 kA/cm2 405.5 nm [45]
GaN(20-21)/GaN(20-21) 15.7 kA/cm2 384 nm [46]

Table 2. Some characteristics of LED (GaN/Si) structures and of laser structures (semipolar-GaN/semipolar
substrate).

authors neither deposited the mask nor purposely
etched the Si-surface. The study of luminescence
properties of semipolar GaN synthesized on Si sub-
strate has shown that the inclusion of small donors
(Si) or (O) does not invoke the negative conse-
quences for the GaN layer [42].

The study of structural characteristics of InGaN
QW on GaN(1-101)/Si(001) has shown that along
the plane [1-10-2] there occurs the relaxation of elas-
tic stresses through formation of dislocations [43].
In this case the internal quantum efficiency of stimu-
lated radiation of laser structures InGaN/GaN on the
basis of semipolar  GaN(1-101) on Si(001) turned
out to be compatible with the efficiency of radiation
from analogous laser structures synthesized  on
sapphire substrate [44]. From the analysis of the
published data on parameters of LED structures and
laser structures it follows that for constructing of
lasers on the basis of GaN on Si, the semipolar-
GaN substrates (Table 2) are preferred over the sap-
phire substrates.

Recently, for synthesis of semipolar GaN the
authors of paper [47] proposed to use the planar
substrates of silicon with surfaces (112) and (113).
For the same purpose it was also proposed to use
graphen [48]. In order to improve the characteris-
tics of GaN-layers the combination of methods
HVPE and MBE is sometimes used [49]. Notice
that the semipolar gallium nitride on silicon sub-
strate is in general synthesized by MOCVD method,
at the same time the synthesis of thick layers of
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semipolar and nonpolar gallium nitride on the sap-
phire nitride is successfully conducted by chloride
vapor-phase epitaxy (HVPE) [31].

4. SYNTHESIS OF SEMIPOLAR GaN
ON Si-SUBSTRATE

4.1. Technology of HVPE of AlN-GaN
layers on Si-substrate

The HVPE is commonly used to produce the thick
(>100 m) layers of gallium nitride. Review [1] pre-
sents the basic chemical and physical features of
the growth of AlN- and GaN-layers by method of
HVPE. Analysis has shown that the equilibrium
partial pressure of a gas GaCl is significantly higher
than that of the gas AlCl

3
, therefore the synthesis of

AlN is much more complicated than the synthesis
of GaN. Notice that the synthesis reactions of GaN
and AlN are carried out in the gas-carrier: hydro-
gen, nitrogen, argon. As a gas carrier, hydrogen is
neither a precursor nor a product of the synthesis
reaction of AlN [1]. According to thermodynamics
[1], hydrogen can affect only on the intermediate
stages of formation of gas AlCl

3
, whereas on the

reaction of synthesis of GaN hydrogen must have a
pronounced effect, since it is a product of this reac-
tion itself. In this connection it would be reasonable
to use argon or nitrogen as a gas-carrier in synthe-
sis of AlN, however in this case the purity of a gas-
carrier is of a great importance. As known, at present,
the attained purification of hydrogen is much higher
than for any other gas-carrier appropriate for the
growth of films. This factor is of a paramount impor-
tance, and it should be taken into account in ob-
taining of buffer AlN-layers of high quality.

In works [50,51] the HVPE was used to grow
the structures GaN/AlN/Si, including the semipolar
structures GaN/AlN/Si [51]. The growth of the AlN-
layer was produced on the preliminary purified
Si(100)-substrates which were rotated with fre-
quency 60 revolutions per minute in a hydrogen flow.
The relation of flows was H

2
/NH

3 
= 2:1, the epitaxy

temperature of the AlN-layer varied in the range 900-
1100 °C, and temperature of the layer GaN was equal
to 1050 °C.

Liquid gallium and aluminum were used as a
source of the III-group element. The metal was trans-
ported into a deposition zone with the help of gas-
eous hydrogen chloride. Ammonia was used as a
source of nitrogen, and hydrogen as a gas-carrier.
In order to remove the silicon surface faults the per-
oxide-ammonia and peroxide-acid treatments were
combined. Before the peroxide-ammonia treatment

the substrates were degreased by boiling in organic
solvents. Then the substrates were boiled for 20
minutes in a solution NH

3
:H

2
O

2
:H

2
O (1:2:5). After

washing in deionized water the peroxide-acid treat-
ment was carried out. The etching of the substrates
was made in a solution HCl:H

2
O

2
:H

2
O (1:2:5) in a

crystal glass for 20 minutes. After that, the sub-
strates were washed in deionized water. In order to
remove the film of silicon oxide from the surface of
Si-substrate, the etching of the plates was carried
out in a solution of hydrofluoric acid HF:H

2
O (1:5)

for 2 minutes. After washing in deionized water and
drying in vapors of isoprophilen alcohol, the sub-
strates were charged in a reactor.

4.2. Synthesis of semipolar-GaN on
Si(100)

The epitaxial growth of gallium nitride on silicon
substrate at high temperatures presents some diffi-
culties since silicon chemically reacts with gallium
[52]. Because of this, the thin buffer AlN-layer is
firstly deposited on Si. In the process of epitaxy
which is carried out by the MOCVD method on sub-
strates of Si(111) and Si(100), this layer takes in
general an orientation (0001) [53]. Then the GaN is
deposited on the substrate. In work [51] the struc-
tures GaN/AlN/Si(100) were grown by HVPE
method. In this case the AlN-layer was grown at
temperature 950 °C, and the layer GaN at tempera-
ture 1050 °C, relatively.

It is known, that in the synthesis of AlN-layers
by HVPE on substrate Si(100) at growth tempera-
ture of T=950 °C which is rather low for the epitaxy
of nitride compounds, the structure of the layer be-
comes less ordered. Along with this, the sizes of
blocks constituting the film increase. This fact is a
consequence of the low velocity of formation of in-
cipient seeds. After incipience, the seeds of a next
phase are growing in conditions close to the equi-
librium. The velocity of their growth is not high, how-
ever, new small centers of crystallization don’t ap-
pear. The surface of AlN-layer acquires an appear-
ance of faced blocks consisting of nanocrystals with
planes of type c-AlN(111), h-AlN (1102), h-AlN(1012),
h-AlN(1013) and so on (Fig. 3). The similar approach
was used in work [33] for the synthesis of low tem-
perature AlN-layer by MOCVD method. The authors
of paper [54] pointed out that in the process of the
magnetron sputtering of aluminum nitride on a sili-
con substrate the layer of semipolar orientation
AlN(10-13) can be formed.

In study [51] the synthesis of GaN was carried
out at high temperature of epitaxy (T=1050 °C). At
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such a temperature of synthesis by HVPE method
the GaN-layers of hexagonal modification are com-
monly formed [55]. In a given case, the faced blocked
surface of the AlN(111)-layer was present on the Si-
surface (Fig. 3a). This layer had a significant effect
on the structure of the GaN-layer, which finally re-
sulted in formation of semipolar GaN (Fig. 3b). The
x-ray diffraction studies have shown that in this case
there was formed the epitaxial layer of hexagonal
structure GaN. The tilt of surfaces (0001) to the
surface of the substrate was ~ 20°-25°. We sup-
pose that the plane of this layer may correspond
either to orientation of the face GaN(10-13) or to
orientation of GaN(10-14). By our opinion, the in-
tensity of X-ray peaks and the image of the layer
cleavage in SEM (Fig. 4a) are unambiguously point
to the growth of GaN of a given orientation. A half-
width of the rocking curve of the skew-symmetrical
reflections (0004) of the GaN-layer was equal to

q 
= 30 arcmin. From the SEM microphotograph of

the surfaces of GaN-layers (Fig. 4b) we can see
that the layer has the characteristic multilayer struc-
ture. The structure of semipolar GaN (10-13) syn-
thesized on Si-substrate in work [51], in its crystal-
lography parameters, was much like the semipolar
GaN grown on the sapphire substrate (m-Al

2
O

3
)by

HVPE method [56]. As shown in work [51], the angle
between the experimentally grown plane GaN(10-

Fig. 3. Growth of the semipolar GaN-film on silicon substrate. (a)- SEM image of the cleavage of the GaN/
AlN/Si(100)-structure; (b) schematic drawing of the growing of semipolar GaN.

(a) (b)

Fig. 4. The SEM microphotograph of the semipolar structure GaN/AlN/Si 100);  a) –image of the cleavage;
 b) – image of the surface of the layer%

13) and the plane GaN(0002) is approximately 25°.
This value of the angle between the planes GaN(10-
13) and GaN(0002) is less than the tabulated value
~ 32°. We suggest that this discrepancy is associ-
ated with a disorientation of blocks of the film when
the buffer AlN-layer is forming. This suggestion is
proved by the fact that the similar orientation of the
blocks of the AlN-layer was observed by the au-
thors of work [32] in the course of synthesis of buffer
AlN-layers on the Si(111)-substrate by MOCVD
method.

The photoluminescence of GaN was measured
at temperature 77K. Studies have shown that in all
spectra there were observed well distinguishable
luminescence bands with maximums h

max
 = 3.47

eV, 3.27 eV, and 3.18 eV. These data are presented
in Fig. 5. From comparison of these spectra with
the spectra of semipolar GaN, synthesized on the
sapphire substrate by HVPE method [31], one can
asserts that they are in good qualitative agreement.
In the photoluminescence spectra the bands with a
maximum h

max
 = 3.47 eV are related to the peaks

of excitons, while the bands with maximums
h

max
 = 3.27 eV and h

max
 = 3.18 eV were prescribed

to the donor-acceptor recombination [31]. It is evi-
dent that in the case of GaN on Si these lumines-
cence bands can also be explained by analogous
recombination mechanisms.
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Thus, the results unambiguously have shown
that using AlN as a buffer gas it is possible to syn-
thesize the epitaxial layers of semipolar gallium ni-
tride on Si(100) substrate by HVPE method. For
the best of GaN-layers the half-width of the rocking
curve of X-ray diffraction was 

0 
(0004) = 30 arcmin.

5. SYNTHESIS OF SEMIPOLAR GaN
ON TEMPLATE SiC/Si

5.1. The substitution method – a new
type of epitaxy of SiC on Si

In works [57,58] generalized in reviews [59,60], there
was discovered and developed an essentially new
method of synthesis of thin epitaxial films of SiC on
Si. On the basis of this method there was worked
out the semi-industrial technology for the produc-
tion of substrates of single-crystalline silicon nano-
carbide on silicon wafers of diameter 3 - 6 in. The
developed method for producing films of silicon car-
bide on silicon differs fundamentally from all others
existing methods and technologies which are used
at present for the growth of single crystals, films
and nano-structures.  This method is based on the
substitution of part of atoms inside a silicon sub-
strate by carbon atoms. For this purpose the car-
bon atom is preliminary introduced into the intersti-
tial position of the silicon lattice, while the neigh-
boring silicon atom is removed, which results in pro-
ducing the silicon vacancy. In this case in the near-
surface area of the silicon lattice there appears an
ensemble of the dilatation dipoles which are the
stable complexes consisting of elastically attract-
ing centers of dilatation, i.e. of the carbon atom in
an interstitial position and of the silicon vacancy.
The energy of elastic interaction between the point
faults depending on their crystallography disposi-

Fig. 5. Luminescence spectrum of semipolar GaN
at 77K, synthesized on Si(100).

tion in silicon was studied in [58]. The synthesis of
elastic dipoles of this type occurs due to the chemi-
cal reaction between silicon and carbon monoxide.
It was shown that for the silicon crystal the most
favorable displacement of the dilatation dipole is
position perpendicular to the plane (111). In this case
practically the whole dilatation elastic energy re-
laxes exclusively by virtue of dipoles, resulting in a
high quality of the silicon carbide films.  The orien-
tation of the film is conditioned by an ÑoldÖ crystal-
line structure of the original matrix of Si, and not
only by the surface of the substrate, as it is usually
realized in traditional techniques of growing the films.
Upon completion of the chemical transformation, the
mechanical dipoles, which have performed their func-
tion, decompose into the fault-free silicon carbide
film and pores lying under its surface. The tempera-
ture and pressure are chosen so, that the nucle-
ation of SiC-seeds can occur concurrently and with
equal velocity.

One of the most important properties of nano-
SiC synthesized by an atom substitution method is
the unique possibility of producing of semipolar lay-
ers of hexagonal crystals and, particularly, of
semipolar epitaxial GaN-layers.  We mentioned
above that to produce the more perfect in structure
layers of semipolar-GaN on Si, the surface Si(100)
is masked and treated in a chemical etching sub-
stance. In this case there is a possibility to obtain
the planes Si(111) with a tilt 55° to the plane Si(100).
These are precisely the planes on which GaN(1-
101) is grown. When using the substitution method
[57-60], the formation of the longitudinal wedge-
shaped bump of silicon carbide occurs in a natural
way. In order to form the Si-surface with SiC-layer
obtained by an atom substitution method the sub-
strates masking the surface aren’t used as also
aren’t the chemical etching substances% If one use
the face of surface Si (100), which is tilted out of the
direction <100> by 2°-10° to the direction <011>,
and then heat this surface above 600 °C, then the
plane (100) of silicon, according to thermodynam-
ics, will be coated by steps. The planes which are
at the top and at the bottom are the planes (100),
and the steps will be bounded by planes (011). Along
directions <011> the silicon lattice is most ÑlooseÖ,
which is due to the specific crystallographic struc-
ture of Si- lattice. Along this direction, according to
studies [58-60], the CO-molecules move inward of
Si, perpendicular to the steps. The Si-surface is
saturated by CO, and the interaction of Si with CO
occurs with formation of dipoles Ñsilicon-vacancy-
carbon atom-silicon matrixÖ% Since the elastic at-
traction between the silicon vacancy and carbon
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atom in the silicon matrix is maximum along the
direction <011>, part of the step (011) of Si just turns
into the face (111) of SiC. As known, an angle be-
tween the planes (111) and (100) in a cubic crystal
with a diamond lattice is ~55°. As a result, the lon-
gitudinal wedge-shaped bump of silicon carbide is
formed. It has a tip extending over the platform of
the step, and a tilted face which reaches the plat-
form lying at the bottom of the step, giving the tilt
angle of ~55°. In general case, the surface Si(100)
will consist of a set of parallel steps which appear
as triangular prisms (lateral faces of small pyramids)
[60]. Notice that since the symmetry of such prisms
is inherent in both cubic and hexagonal crystals, it
follows that the symmetry is not degenerated. This
means that on these surfaces can grow crystals
with a cubic symmetry as well as with hexagonal.
And not the orientation of the substrate will be a
decisive factor (what is rather important) but the ther-
modynamic conditions such as the temperature and
density of falling fluxes of the components from which
the layer grows. If under given conditions the hex-
agonal modification is stable, then namely it will
grow, and if the cubic structure is stable, then the
latter will. This opens up fresh opportunities for grow-
ing of hexagonal semipolar crystals. It has been
just this method which was firstly realized in works
[61,62]. The authors synthesized the epitaxial layer
of semipolar-GaN on the surface Si (210) [61,62],

and the semipolar GaN-layer on the surface (001)
Si [63]. In both cases the role of a buffer layer was
played by SiC-layer synthesized by an atom sub-
stitution method.

5.2. Synthesis of semipolar-GaN on
SiC/Si (210)

At first, on the surface (210) of Si-substrate, using
the atom substitution method [57-60], there was
formed the SiC-layer. Further on, the substrate
Si(210) with SiC-layer was prepared for the growth
of AlN and GaN, according to the technique de-
scribed in Section 4.1. Then with the use of the
HVPE method, the thin layer of hexagonal alumi-
num nitride (~100 nm) has been grown. The growth
of this compound was carried out at temperature
950 °C% Thereafter, the GaN-layer of thickness
~10 m has been grown on the surface of AlN-film.
The growth of the GaN-layer was carried out at tem-
perature 1050°C% Thus, the conditions for synthe-
sis of nitride compounds were precisely the same
as they were for the synthesis of AlN and GaN on
the substrate of Si (001) not containing the buffer
layer of SiC [51]. We described these conditions of
the growth in Section 4.1.  Hydrogen served as a
gas–carrier%

The X-ray studies of GaN-layers grown on AlN/
3C-SiC/Si(210) gave the following results [61,62].

Fig. 6. X-ray diffragram of semipolar GaN-layer grown on SiC/Si(210) [61,62].
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The film of gallium nitride is hexagonal. In the pro-
cess of the epitaxial growth the GaN-layer is crys-
tallized in the form of blocks resembling a Ñlayering
pieÖ and consisting of parallel Ñscales”. The crystal-
lographic orientation of the planes of the blocks var-
ied from GaN(10-15), through GaN(10-14) and
GaN(10-13), to GaN(10-12) (Fig. 6). The half-width
of the rocking curve of the skew-symmetrical reflec-
tion (1124) of the GaN-layer was 

q 
= 25 arcmin. In

the process of growing of the layer, there occurs an
inclination of growing blocks (10-12) of hexagonal

Fig. 7. The SEM images of the original Si (210)-surface with SiC layer (a); the image of the cleavage (b) and
of the surface (c) of GaN-layer synthesized on SiC/Si(210).

(a)

(b)

(c)

GaN-crystal from the plane Si(001) by an angle
~ 43°%

Fig. 7 shows the SEM images of the original
surface Si(210) with the SiC-layer (Fig. 7a); the im-
age of the cleavage (Fig. 7b) and the image of the
surface of the GaN-layer synthesized on SiC/Si(210)
(Fig. 7c). As seen from these images, the GaN-
layer has a characteristic semipolar structure of the
surface, which is similar to the structure synthe-
sized by authors of work [56].
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The photoluminescence spectrum of GaN syn-
thesized on SiC/Si(210) are shown in Fig. 8. There
are clearly observed the luminescence bands with
maximums h

max
 = 3.46, 3.27, 3.19, and 3.1eV

(Fig. 8). Such bands are also observed in the syn-
thesis of GaN semipolar on the sapphire substrate
with the use of the HVPE method. We described
above the reasons of their occurrence. However, in
a given case, there appears the additional small peak
with energy h

max
=3.1 eV (see Fig. 8). We suggest

that it could be due to the presence of the cubic
modification c-GaN. Authors of work [64] have found
the analogous peak in the c-GaN/3C-SiC structures
doped by carbon. Cubic gallium nitride can be
present on the faces of the 3C-SiC(100) layer at
initial stage of growth, as was observed by authors
of paper [41].

5.3. Synthesis of GaN-semipolar on
SiC/Si(100)

As in the case of the surface of Si(210), authors of
work [63] synthesized the SiC-layer on the surface
Si(100) by the substitution method of atoms [57-
60]. The synthesis of layers was carried out on the
substrates Si(100) of thickness 300 m with differ-
ent disorientations of the surface (2°,4°,7°) in direc-
tion <011>. The SiC layers were synthesized at tem-
perature 1270 °C. The thickness of any SiC film
was about 30 nm. Thereafter, the AlN-layer of thick-
ness 300-1000 nm was synthesized on the surface
of SiC-films by HVPE method. Further, on the sur-
face of the AlN-layer the basic GaN-layers of thick-
ness 2-15 m were synthesized (Fig. 9).

The structures GaN/AlN/SiC/Si(001) were inves-
tigated with the use of the X-ray diffractometry, the
scanning electron microscopy, the transmission
electron and atomic-force microscopy. The results

Fig. 8. The photoluminescence spectrum of GaN
semipolar at 77K, synthesized on Si(210).

Fig. 9. The SEM images of the cleavage (a) and of
the surface (b) of GaN-layer synthesized on AlN/
SiC/Si(100).

of X-ray diffractometry point to the presence of the
equally ordered GaN-layers whose deflection angle
from the c-axis polar position of a wurtzit crystal is
about 42° for the substrate Si(001) with disorienta-
tion 7°. Analysis of the microelectronogram (Fig.
10a) taken from the area of interface of GaN/AlN/
3C-SiC/Si(001) heterostructure have shown that the
polar c-axis of gallium nitride is parallel to direction
[111] of the silicon substrate, i.e. the deflection of
the layer from the polar position of the c-axis of a
wurtzit crystal is about 55° without regard for disori-
entation of the substrate (Fig. 10a). The image of
the structure obtained by the method of high-reso-
lution tunnel transmission electron microscopy
(TEM) have shown that the angles between the nor-
mal to the substrate and the normal to the lines of
stacking faults, which are as a rule present in the
direction [0001]GaN, are 48° and 51° for the struc-
tures synthesized on the substrates with disorien-
tation 7° and 4°, respectfully (Fig. 10b). These re-
sults agree with the results obtained from the
microelectronogram. Based on the results of the X-
ray diffractometry and on microelectronograms, one
can state that the combined technology of the solid-
phase epitaxy of 3C-SiC and the HVPE of GaN on
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Fig. 10. Microelectronogram (a) and TEM image (b) of GaN/AlN/3C-SiC/Si(001) heterostructure. Arrows
mark the stacking faults (SF) arising in direction [0001] of gallium nitride, the dislocations (D) and the
intermediate layers of AlN and 3C-SiC (ILs).

thickness t
GaN
 Çm disorientation Si 

(001)
Experiment Model
R

a
, m R

c
, m R

a
, m R

c
, m

<11-20> <11-23> <11-20> <11-23>

~2 2° -1.6 -1.8 -2.74 -3.96
10 4° -0.4 -1.6 -0.54 -0.79
14 7° -0.25 -1.4 -0.39 -0.56

Table 3. Dependences of the radii of curvature on the thickness.

the disoriented substrate Si(100) makes possible
the synthesis of GaN(10-12)- semipolar or GaN(1-
101)- semipolar.

The GaN/AlN/SiC/Si(100) structures, according
to the X-ray-diffraction analysis, had a bending of
cylindrical character. The radii of curvature R of
bendings were measured for all films in two mutu-
ally perpendicular directions R

a
,<2-110> and R

ñ
,<1-

101>, relatively (see Table 3). Measurements of ra-
dii have shown that the film was most strongly curved
only in one of the directions, and, depending on the
thickness of the GaN-layer, the most significant
changes of radii occurred in direction <11-23>. It
turned out that the thicker is the GaN-layer, the more
is the difference between bendings in directions <11-
20> and <11-23>. The X-ray measurements have
also shown that the half-widths of the X-ray diffrac-
tion rocking curves (FWHM) for the reflection (1-
101)GaN, for all heterostructures with different dis-
orientations of the surface (2°, 4°, 7°)  are practi-
cally the same and are about 

0
 ~ 20-24 arcmin.

When the SEM-image of the surface GaN/AlN/
SiC/Si(001) is compared with the data obtained in

studies [31,47], it is apparent that the surface and
the cleavage of the surface have the characteristic
structure of semipolar GaN .

Fig. 11 presents the AFM images of the surface
of GaN-layer. It is clear that in direction <2-110>
there appear cracks in the layer (Fig. 11a), and in
direction <1-101> there are no cracks (Fig. 11b). In
direction <1-01> the roughness of the layer is about
80 nm, which is significantly less than in direction
<2-110> (Fig. 11).

The photoluminescence spectra from the
samples of GaN semipolar were made at tempera-
ture 77K and 300K. At temperature 77K in the pho-
toluminescence spectra of GaN-layers there was
observed a band with maximum h

max
 = 3.454 eV,

(FWHM=51 MeV), while at temperature 300K a band
with maximum h

max
 = 3.39 eV, (FWHM=96 MeV).

The latter may be interpreted as a recombination
band of an exciton coupled on an acceptor [55] (Fig.
12). A small width of the exciton band unambigu-
ously proves a high quality of the GaN-semipolar
layer.
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Fig. 11. The AFM image of the surface of GaN-layer
in the GaN/AlN/SiC/Si(001) heterostructure, and the
profiles of distribution of the surface irregularity in
different directions:  a) – direction  <2-110> ;  b) –
direction <1-101>.

Fig. 12. The photoluminescence spectra of GaN/AlN/SiC/Si(100): a - 77K, b - 300K.

5.4. Structural characteristics of
epitaxial GaN-layers on silicon:
the effect of buffer layers

The microstructure of GaN-layers on SiC/Si was
studied by the TEM method. The cross-sections of
Si(011) were prepared by a cleavage and the sub-
sequent mechanical polishing with the aid of etch-
ing by Ar+ ions.

Studies by TEM method have shown that the
layers of gallium nitride consist of separate blocks
of different orientation (Fig. 13) The size of blocks
varies from 0.1 to 10 m. The blocks have faults
whose density ranges from 2×105 to 3×106 cm-2.
Fig. 14 presents the typical areas of the diffraction
structure taken from the samples shown in Fig. 13.

Most of GaN blocks exhibit the wurtzite struc-
ture and are parallel to [21-10]GaN.

From Figs. 14-16 follows that the orientation of
the c-axis of most wurtzite GaN blocks is along the
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direction <111> of the substrate. The c-axis deflects
from the normal to the surface by an angle 52°. It
means that the majority of the GaN blocks are ori-
ented along the semipolar direction of the hexago-
nal lattice, as they do in [39].

We determined the Miller indexes of the inter-
face planes by the electron diffraction method. The
reflection marked in fig.16 indicate onto direction
[0223]. The planes (02-23)GaN and (001)Si coin-
cide. If we take into account that the [2110] direc-

Fig. 13. Cross-sectional TEM images of different areas of GaN/SiC/(001)Si heterostructure.

Fig. 14. a: DP taken from the area shown in Fig. 4a; b, c: magnified photo of the DP outlined in Fig. 13. In
Fig. 14b the diffraction spots 1 and 3 correspond to wurtzite grains with common a-axis. C-axis of the grain
giving the diffraction spot 1 is parallel to <111>Si.

Fig. 15. DP recorded from the area represented in
Fig. 13b.

Fig. 16. DP recorded from the interface area.
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tion of the layer coincides with the direction [110] of
the substrate, then the following epitaxial relations
must hold: (02-23)GaN || (001)3C-Si || (001)Si and
[2110]GaN || [110]3C-SiC || [110]Si. A mismatch
between the lattices of GaN and 3C-SiC is equal to
3.5% in the [110] SiC direction and 10% in [110]
direction. It means that there must exist also the
GaN blocks with a tilt of c-axis from the normal to
the surface by an angle 52° around [110] SiC. It is
proved by the presence of direction [11-20] on the
diffraction pattern outlined in Fig. 15. All possible
orientations of GaN blocks in the figure can be ob-
tained by turning through 45° around [001]3C-SiC-
axis. The c-axis of a few blocks deflects by 15°
from the normal to the surface (Fig. 15). Analogously,
it was found that for these blocks:
(0117)GaN||(001)3C-Si||(001)Si and
[2110]GaN||[110]3C-SiC || [110]Si. According to the
results of [37], it was suggested that the thin GaN-
layer, which can arise above the cubic buffer layer,
starts to grow on facets {111}, and only thereafter
the wurtzite GaN-layer grows on facets {111} of the
hexagonal GaN-layer. There is a certain tilt between
the plane of the hexagonal GaN-layer and the 3C-
SiC plane (Figs. 14 and 15). This tilt is due to the
difference in the lattice constants of the hexagonal
GaN-layer and the buffer 3C-SiC layer.

Thus, the c-axis of most wurtzite GaN blocks
synthesized on SiC/Si substrates is oriented by
angle 52° to the surface in relative to normal.

6. THE MODEL OF SYNTHESIS OF
GaN SEMIPOLAR ON SiC/Si

In Section 5.1 we describe in details the specific
features of the synthesis of SiC on Si by a substitu-
tion method of atoms. Namely this peculiarity en-
sures to synthesize the semipolar gexagonal crys-
tals on silicon coated by a layer of silicon carbide
synthesized by method used in [57-60].

For the synthesis of semipolar gallium nitride on
a silicon substrate, it is necessary to ensure the
following. The difference in parameters of the lat-
tices must be minimal at the temperature of epit-
axy. Free energy of formation of the layer in the
semipolar direction must be less than the free en-
ergy of layer formation in the polar direction. Namely
on these principles the idea of synthesis of semipolar
GaN-layer is just based. For this purpose, at first,
the steps of the disoriented surface Si(100) must
be transformed into the quasi-step surface SiC with
face (111). This face just determines the direction of
the synthesis of the crystal. At second, the differ-
ence in lattices of crystals SiC and GaN is provided

by putting of the buffer layer AlN on SiC. This hy-
pothesis is proved by the data obtained in investi-
gations of the X-ray diffraction of the GaN/SiC/Si.
The data on X-ray diffraction have found the ordered
layers of semipolar GaN with surface orientation
either (1-101) or (10-12) on the surfaces Si (001)
with surface deflection by 2°, 4°, and 7°. The struc-
tures GaN/SiC/Si have the cylindrical bend. It fol-
lows from measurements of radii R of curvature in
two mutually perpendicular directions, that the struc-
ture is bended most strongly in one of the direc-
tions only. Moreover, it turned out that this bend
depends significantly on thickness of the GaN-layer.
On the cleavage of the surface passing along the
plane (1010) of the substrate, the characteristic
tooth-like relief is revealed (see Fig. 4). Such a
change of the surface morphology in the layers of
orientation (1120) is associated with the sophisti-
cated mechanism of growth of layers. By our opin-
ion, the quasi-step surface of the silicon carbide
layer stimulates the formation of seeds of the hex-
agonal semipolar AlN, and further on of GaN with an
angle 35-47° with the c-axis and the plane SiC(001).
Thereafter, the GaN seeds, having the shape of elon-
gated ridges, merge. These seeds are insignificantly
disoriented in relative to each other. For this rea-
son, many blocks are formed on the substrate,
which, with increasing of the thickness of the layer,
widespread absorbing smaller seeds, i.e. their coa-
lescence takes place. Once the seeds are merged,
the surface acquires the orientation (1-101) or (10-
12). It has the characteristic appearance of many
pyramids with the smooth edges and apex, and the
parallelogram at the bottom.

The banded relief occurs at intersection of the
layer surface by the stacking faults of different kind
(basial and prismatic). These defaults are formed
near the heterostructure and are due to high den-
sity of stacking faults.

The bend of the surface is due to the difference
in the coefficients of thermal expansion (CTE) of
silicon and gallium nitride. The anisotropic defor-
mation of the structure Si(011)/SiC/AlN/GaN(1-101)
is probably associated with the difference of these
coefficients along the a- and c-directions of the
wurtzite semipolar crystal of gallium nitride. Actu-
ally, at room temperature the coefficients of thermal
expansion of GaN-lattice in the direction of the c-
and a-axis are equal to: 

c
 GaN ~ 3%52·10-6 1/K, 

a

GaN ~ 3%93·10-6 1/K [65], and the CTE of silicon at
the same temperature is 

Si
 ~ 2%6·10-6 1/K [66].

As known, with cooling of the films of polar gal-
lium nitride synthesized on the silicon substrate,
the layer of gallium nitride is in the state of isotropic
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compression. It is associated with the fact that CTE
of GaN for the lattice ÑaÖ is larger than the CTE of Si
[67]. With increasing of the thickness of the GaN-
layer the curvature radius of the structure decreases.
We suppose that the thin intermediate layers of ÇÑ-
SiC and AlN contribute insignificantly into the bend
of the GaN/Si layer. Hence, with cooling of semipolar
gallium nitride, synthesized on the silicon substrate,
from the epitaxy temperature to room temperature,
not only the difference in CTE of the GaN a-lattice
and Si, but the difference in CTE of the GaN c-lat-
tice and Si (Fig. 17b) will make its own contribu-
tion%  Since the CTE of the lattices ÑaÖ and ÑcÖ differ,
with cooling of the structure GaN(1-101)/AlN/SiC/
Si(100), the anisotropic bend of this layer will oc-
cur. Let us estimate the anisotropic bend of
semipolar GaN on Si(100)-substrate, using the for-
mula (1) obtained in the [66] Si(100). We will as-
sume that for the GaN the CTE in the semipolar
plane is equal to the CTE in the plane (100).

h h
m

R h mh h h m h2 2 4

2

1 1
6 ,

1 4 6 4



   
  (1)

where: m = E
1
/E

2
, h = h

1
/h

2
;

= (
1 
- 

2
) T,

E
1 
is Young’s modulus of GaN = 210 GPa, E

2
 =

165%6 GPa is Young’s modulus of Si;
h

1
 – thickness of GaN , h

2
 – thickness of Si;

1
-CTEs of the GaN a- lattice and GaN c- lat-

tice, 
2
 – CTEs of Si-lattice;

T – the difference between the temperature at
which the bend is calculated and the tempera-
ture at which the bend does not occur.
The estimates obtained for the curvature radii of

the bend of GaN-layer in direction <21-10> and <1-
101> on the Si(100)-substrate are given in Table 3.

7. CONCLUSION

A new method of the synthesis of semipolar layers
of gallium nitride on plane substrates Si(210) and
Si(100) was proposed and realized by the HVPE
technique. The semipolar direction of the synthesis
of GaN is conditioned by formation of 3D-pyramidual
projections of SiC(111). It was experimentally shown
that a combination of an atom substitution method,
used in the synthesis of silicon carbide on silicon,

Fig. 17. The process of formation of semipolar GaN on SiC/Si(100); (a)- sequent stages of the synthesis
process of semipolar GaN on SiC/Si 100), schematic drawing;  b) – a general appearance of the
heterostructure GaN(1-101)/AlN/SiC/Si(100).
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and a method of hydride-chloride epitaxy of gallium
nitride on a silicon carbide ÑtemplateÖ can result in
formation of epitaxial layers of semipolar gallium
nitride. The angle of X-ray diffraction for GaN(1-101)
was 

0 
~20'. The proposed approach to the synthe-

sis of semipolar gallium nitride on silicon substrate
essentially differs from both the methods with using
of the low-temperature buffer layer [32] and meth-
ods with using  of the masked surface with faces
Si(111) on the surface Si(100) [34]. This approach
could be promising in the production of Ütemplates’
for the structures of the gallium-nitride optoelectron-
ics.
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