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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 synthesis of thin SiC-layers on the surface Si(100) or Si(210) using the new method of atom substitution. Such an approach makes possible the epitaxial layers of the semipolar GaN to be synthefm
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with a half-width of the X-ray diffraction rocking curve of GaN(1-101) of the order 0~20'.

1. INTRODUCTION

ally, the instruments for optoelectronics are in general constructed on the basis of structures of galNitrides of the third group, which exhibit some unique
lium nitride which are grown in direction parallel to
properties, have been the subject of much investithe c-axis of a hexagonal GaN crystal (polar strucgation over many years. Beginning in 60th of last
tures). The use of polar structures for producing of
century, the researchers directed a major effort tothe quantum-well (QW) III-nitride optoelectronic inward the development of synthesis of epitaxial laystruments leads to the Stark effect. This effect is
ers and single crystals of GaN. Along with developdue to the strong piezoelectric polarization in polar
ing of the synthesis methods, the properties of epistructures [2]. The piezoelectric polarization is abtaxial layers GaN have been studied. The main probsent in semipolar structures, and this fact opens
lem which retards the progress in developing of techbright opportunities for developing devices of new
nology of the GaN-layers and crystals was the abgeneration on the basis of semipolar (Al,Ga,In)N
sence of appropriate substrates for synthesis of nistructures.
tride crystals. The review [1] deals with the syntheSemipolar structures of GaN contain the
sis of GaN, however the synthesis of semipolar GaN
semipolar plane on their surface. Some of the posis not considered since the considerable study to
sible semipolar planes in the crystalline cell of the
this subject has only been given last years. Actuhexagonal 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.

values of angles between the semipolar planes and
the c-axis are given in Table 1.
Table 1. Angles of deflection from the c-axis for the
different semipolar planes.
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In the last two decades all main producers of
the instruments on the basis of semiconductors IIInitrides 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 company 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 sapphire 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 importance in the LED industry, and is of particular value
for the use of light-emitting diodes for domestic confh cg
ba%J[Xce
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X T aZXY
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
fm
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to use substrates of size up to 12 in. [7]. The sapphire and carbide silicon substrates of such a di-
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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) QWzone diagrams for the polar and semipolar structures.

ameter are not presently produced. Moreover, even
though they were produced, the cost would be extremely high. Namely the silicon substrate is therefore one of the most promising substrates for synthesis of structures on the basis of gallium nitride.
The use of low-cost silicon substrates of larger size
for producing quasi-substrates from semipolar gallium nitride is an attractive way for the cost reduction of laser structures.

2. SPONTANEOUS AND
PIEZOELECTRIC POLARIZATION IN
HEXAGONAL III-NITRIDE
STRUCTURES
The hexagonal layers of III-nitrides are usually synthesized 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 semiconductors 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 internal 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

epitaxial layer may be caused by its tension or compression.
The internal electric field in the layers with quantum 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 structures whose thickness of the active InGaN-layers
XkVXXWf(''r%abe
WXeg
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XWhVXg
[XaYhXaVXbY
this effect, researchers form very thin active layers
of thickness commonly in the range from 20 to
'r%
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
Tk h j[V[ fbUfXe
i
XW aB;:f TWXba
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 containing a quantum well of thickness 3 nm from the
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carriers may change [8]. Note that the change of
the polarization sign is associated with the percentage 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/GaNstructures with quantum wells depends on the orientation of the semipolar plane, indium content in
InGaN-layer and concentration of the charge-carriers 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 mismatching of the crystalline lattices results in the formation of stacking faults in the hexagonal lattice, which
has negative effect on the light-emission properties
of crystals. In order to obtain the necessary characteristics 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- structures [4]. Thus, it is necessary to find out the compromise 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 problem and synthesize the layers of semipolar GaN.
For this purpose, they specifically etched the substrate so that the layer of GaN be synthesized at a
certain tilt to the surface of the substrate. As a result of this synthesis procedure, in the course of
growth the layers of GaN are closed into the homogeneous semipolar GaN- layer.

3. OPTICAL PROPERTIES OF
SEMIPOLAR InGaN/GaNSTRUCTURES 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 GaNstructures 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 became apparent that namely this problem will be the
decisive factor hampering the proceeding of synthesis 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-substrate. 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 GaNlayers 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
TaabhaVXWg
[Xce
bWhVg
babYB;:fbYcbjXeXk
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 refg
eVg
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bWhVaZbYg
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At present researchers are pursuing the intensive theoretical [25] and experimental [26] studies
of properties of LED-structures synthesized on the
basis of nonpolar and semipolar epitaxial GaN-layers. It was demonstrated that the internal quantum
XY
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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 proVXffbYZe
bjg
[bYabacbTeB;:fbaf VbafhU
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 silicon substrates. The properties of semipolar structures on the basis of GaN, synthesized on the sapphire substrates are thoroughly considered in reiXjfQ
(
( (RTaWTe
Xag
g
bhV[XWhcbaaTg
XefXV
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 organize the synthesis of semipolar GaN [32,33]. However, 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 SiO2 with 2 m-fringes and
1 m-window is firstly deposited on Si(001)-substrate, 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
SiO2, and on the other (-1-1-1)Si-face, using the
MOVPE-method, the intermediate AlN-layer of thickness of about 70 nm is synthesized with the subsequent 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 produced on (001)Si [39]. It was shown that if the surface of the Si(112) substrate is prepared by this strategy, then the qualitative m-GaN layers can be synthesized 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 carbonization 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 mthickness with (10-12) orientation on the preliminary
carbonated Si(001) surface [41]. In this case the
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authors neither deposited the mask nor purposely
etched the Si-surface. The study of luminescence
properties of semipolar GaN synthesized on Si substrate has shown that the inclusion of small donors
(Si) or (O) does not invoke the negative consequences 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 elastic stresses through formation of dislocations [43].
In this case the internal quantum efficiency of stimulated 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 semipolarGaN substrates (Table 2) are preferred over the sapphire 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 characteristics of GaN-layers the combination of methods
HVPE and MBE is sometimes used [49]. Notice
that the semipolar gallium nitride on silicon substrate is in general synthesized by MOCVD method,
at the same time the synthesis of thick layers of

Table 2. Some characteristics of LED (GaN/Si) structures and of laser structures (semipolar-GaN/semipolar
substrate).
Chip size
Wavelength
LED Lateral devices (unpackaged)

Output power

Forward Voltage

Reference

300300 m
500500 m

455 nm
455 nm

W=0.152 mWI=20 mA
W =0.5 mWI=20
mAW =1 mW I=45 mA

V=4.5 V I=20 mA
V=3.5 V I= 20 mA

[16]
[7]

Blue
438 nm
Blue

W=634 mW I=350 mA
W=485 mW I=350 mA
W=614 mW I=350 mA

V=3.15 VI= 350 mA
V=3.2 V I= 350 mA
V=3.1 V I= 350 mA

[24]
[22]
[23]

Vertical devices
1mm1mm
1.4mm1.4mm
1.1mm1.1mm

Semipolar GaN laser diodes
GaN plane
Threshold current density
Ga(1100)/GaN(1100)
GaN(20-21)/GaN(20-21)

7.5 kA/cm2
15.7 kA/cm2

Wavelength

Reference

405.5 nm
384 nm

[45]
[46]
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semipolar and nonpolar gallium nitride on the sapphire 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] presents 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 AlCl3, 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: hydrogen, 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 AlCl3, whereas on the
reaction of synthesis of GaN hydrogen must have a
pronounced effect, since it is a product of this reaction itself. In this connection it would be reasonable
to use argon or nitrogen as a gas-carrier in synthesis of AlN, however in this case the purity of a gascarrier 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 importance, and it should be taken into account in obtaining 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 AlNlayer was produced on the preliminary purified
Si(100)-substrates which were rotated with frequency 60 revolutions per minute in a hydrogen flow.
The relation of flows was H2/NH3 = 2:1, the epitaxy
temperature of the AlN-layer varied in the range 9001100 }
9, and temperature of the layer GaN was equal
to 1050 }
9.
Liquid gallium and aluminum were used as a
source of the III-group element. The metal was transported into a deposition zone with the help of gaseous 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 peroxide-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 NH3:H2O2:H2O (1:2:5). After
washing in deionized water the peroxide-acid treatment was carried out. The etching of the substrates
was made in a solution HCl:H2O2:H2O (1:2:5) in a
crystal glass for 20 minutes. After that, the substrates 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:H2O (1:5)
for 2 minutes. After washing in deionized water and
drying in vapors of isoprophilen alcohol, the substrates 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 difficulties 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 substrates 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 structures GaN/AlN/Si(100) were grown by HVPE
method. In this case the AlN-layer was grown at
temperature 950 }
9, and the layer GaN at temperature 1050 }
9, relatively.
It is known, that in the synthesis of AlN-layers
by HVPE on substrate Si(100) at growth temperature of T=950 }
C which is rather low for the epitaxy
of nitride compounds, the structure of the layer becomes 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 incipient seeds. After incipience, the seeds of a next
phase are growing in conditions close to the equilibrium. The velocity of their growth is not high, howXi
XeaXjf T VXag
Xe
fbYVe
l
fg
Tm
Tg
baWbagTc
pear. The surface of AlN-layer acquires an appearance 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 temperature 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 silicon 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 }
9). At
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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)
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such a temperature of synthesis by HVPE method
the GaN-layers of hexagonal modification are commonly formed [55]. In a given case, the faced blocked
surface of the AlN(111)-layer was present on the Sisurface (Fig. 3a). This layer had a significant effect
on the structure of the GaN-layer, which finally resulted 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 suppose 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 intensity 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 halfwidth 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 structure. The structure of semipolar GaN (10-13) synthesized on Si-substrate in work [51], in its crystallography parameters, was much like the semipolar
GaN grown on the sapphire substrate (m-Al2O3) by
HVPE method [56]. As shown in work [51], the angle
between the experimentally grown plane GaN(10-

TZXbY
g
[XVXTi
TZX2

13) and the plane GaN(0002) is approximately 25}
.
This value of the angle between the planes GaN(1013) and GaN(0002) is less than the tabulated value
~ 32}
. We suggest that this discrepancy is associated 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 authors 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 evident that in the case of GaN on Si these luminescence bands can also be explained by analogous
recombination mechanisms.
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Fig. 5. Luminescence spectrum of semipolar GaN
at 77K, synthesized on Si(100).

Thus, the results unambiguously have shown
that using AlN as a buffer gas it is possible to synthesize the epitaxial layers of semipolar gallium nitride 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
)

NKWYHWX
O
X
YX
O
TSRKX
NT GSK
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 production of substrates of single-crystalline silicon nanocarbide on silicon wafers of diameter 3 - 6 in. The
developed method for producing films of silicon carbide 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 substrate by carbon atoms. For this purpose the carbon atom is preliminary introduced into the interstitial position of the silicon lattice, while the neighboring silicon atom is removed, which results in producing the silicon vacancy. In this case in the nearsurface area of the silicon lattice there appears an
ensemble of the dilatation dipoles which are the
stable complexes consisting of elastically attracting 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-

tion in silicon was studied in [58]. The synthesis of
elastic dipoles of this type occurs due to the chemical 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 relaxes exclusively by virtue of dipoles, resulting in a
high quality of the silicon carbide films. The orieng
Tg
babYg
[XY fVbaWg
baXWUlTaÑ
bWÖVe
l
fg
T
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 function, decompose into the fault-free silicon carbide
film and pores lying under its surface. The temperature and pressure are chosen so, that the nucleation of SiC-seeds can occur concurrently and with
equal velocity.
One of the most important properties of nanoSiC synthesized by an atom substitution method is
the unique possibility of producing of semipolar layers 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 substance. 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(1101) is grown. When using the substitution method
[57-60], the formation of the longitudinal wedgeshaped 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 subfg
e
Tg
Xf Tf aZg
[Xfhe
Y
TVXTe
XaghfXWTfTfb
Te
Xag
g
[XV[X VTXg
V[aZfhUfg
TaVXf%YbaXhfX
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 }
9, then the
plane (100) of silicon, according to thermodynamics, 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
We
XVg
baf3'(
(5g
[Xf VbaTg
g
VXf bfgÑbbfXÖ
which is due to the specific crystallographic structure 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
bVVhe
fjg
[Y
be Tg
babYWcbXfÑ
f Vbai
TVTaVl
VTe
UbaTg
b f Vba Tg
ekÖ
%IaVXg
[XXTfg
VTg
traction between the silicon vacancy and carbon
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Fig. 6. X-ray diffragram of semipolar GaN-layer grown on SiC/Si(210) [61,62].
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 between the planes (111) and (100) in a cubic crystal
with a diamond lattice is ~55}
. As a result, the longitudinal 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 platform 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 thermodynamic conditions such as the temperature and
density of falling fluxes of the components from which
the layer grows. If under given conditions the hexagonal 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 growing 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 substitution 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 described in Section 4.1. Then with the use of the
HVPE method, the thin layer of hexagonal aluminum nitride (~100 nm) has been grown. The growth
of this compound was carried out at temperature
0,'}
9%J[Xe
XTY
g
Xeg
[X=TD Tl
XebYg
[V aXff
~10 m has been grown on the surface of AlN-film.
The growth of the GaN-layer was carried out at temperature 1050 }
9%J[hfg
[XVbaWg
bafY
befl
ag
[X
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
ZTf V
Te
eXe
%
The X-ray studies of GaN-layers grown on AlN/
3C-SiC/Si(210) gave the following results [61,62].
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(a)

(b)

(c)

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).
The film of gallium nitride is hexagonal. In the process of the epitaxial growth the GaN-layer is crysg
Tm
XWag
[XY
be bY
UbVfe
XfX UaZTÑTl
XeaZ
cXÖTaWVbaffg
aZbY
cTe
TXÑ
fV
TXfS
. The crystallographic orientation of the planes of the blocks varied 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 reflection (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

GaN-crystal from the plane Si(001) by an angle
q+ }
%
Fig. 7 shows the SEM images of the original
surface Si(210) with the SiC-layer (Fig. 7a); the image 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 GaNlayer has a characteristic semipolar structure of the
surface, which is similar to the structure synthesized by authors of work [56].
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Fig. 8. The photoluminescence spectrum of GaN
semipolar at 77K, synthesized on Si(210).

The photoluminescence spectrum of GaN synthesized 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 synthesis 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 [5760]. The synthesis of layers was carried out on the
substrates Si(100) of thickness 300 m with different disorientations of the surface (2}
,4}
,7}
) in direction <011>. The SiC layers were synthesized at temperature 1270 }
9. The thickness of any SiC film
was about 30 nm. Thereafter, the AlN-layer of thickness 300-1000 nm was synthesized on the surface
of SiC-films by HVPE method. Further, on the surface of the AlN-layer the basic GaN-layers of thickness 2-15 m were synthesized (Fig. 9).
The structures GaN/AlN/SiC/Si(001) were investigated with the use of the X-ray diffractometry, the
scanning electron microscopy, the transmission
electron and atomic-force microscopy. The results

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 disorientation 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 disorientation of the substrate (Fig. 10a). The image of
the structure obtained by the method of high-resolution tunnel transmission electron microscopy
(TEM) have shown that the angles between the normal 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 structures synthesized on the substrates with disorientation 7}and 4}
, respectfully (Fig. 10b). These results agree with the results obtained from the
microelectronogram. Based on the results of the Xray diffractometry and on microelectronograms, one
can state that the combined technology of the solidphase 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).

the disoriented substrate Si(100) makes possible
the synthesis of GaN(10-12)- semipolar or GaN(1101)- 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 mutually perpendicular directions Ra,<2-110> and R{,<1101>, relatively (see Table 3). Measurements of radii 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 <1120> and <11-23>. The X-ray measurements have
also shown that the half-widths of the X-ray diffraction rocking curves (FWHM) for the reflection (1101)GaN, for all heterostructures with different disorientations of the surface (2}
, 4}
, 7}
) are practically 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 temperature 77K and 300K. At temperature 77K in the photoluminescence spectra of GaN-layers there was
observed a band with maximum hmax = 3.454 eV,
(FWHM=51 MeV), while at temperature 300K a band
with maximum hmax = 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 unambiguously proves a high quality of the GaN-semipolar
layer.

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

~2
10
14

disorientation Si (001)

)}
4}
7}

Experiment Model
Ra, m
Rc, m
<11-20>
<11-23>

Ra, m
<11-20>

Rc, m
<11-23>

-1.6
-0.4
-0.25

-2.74
-0.54
-0.39

-3.96
-0.79
-0.56

-1.8
-1.6
-1.4

Semipolar gallium nitride on silicon: technology and properties

87

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

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
WY
Y
Xe
XagWe
XVg
baf1T We
XVg
ba 3)(
('52U
direction <1-101>.

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 subsequent mechanical polishing with the aid of etching 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
j[bfXWXafg
le
TaZXfY
e
b ) ('5 g
b ('6 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 structure 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

Fig. 12. The photoluminescence spectra of GaN/AlN/SiC/Si(100): a - 77K, b - 300K.
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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.
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 oriented along the semipolar direction of the hexagonal lattice, as they do in [39].

We determined the Miller indexes of the interface planes by the electron diffraction method. The
reflection marked in fig.16 indicate onto direction
[0223]. The planes (02-23)GaN and (001)Si coincide. If we take into account that the [2110] direc-
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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 obtained by turning through 45}around [001]3C-SiCaxis. 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 GaNlayer, 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 3CSiC 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 substitution method of atoms. Namely this peculiarity ensures to synthesize the semipolar gexagonal crystals 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 lattices must be minimal at the temperature of epitaxy. Free energy of formation of the layer in the
semipolar direction must be less than the free energy 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 difference in lattices of crystals SiC and GaN is provided
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by putting of the buffer layer AlN on SiC. This hypothesis is proved by the data obtained in investigations 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 structures GaN/SiC/Si have the cylindrical bend. It follows from measurements of radii R of curvature in
two mutually perpendicular directions, that the structure is bended most strongly in one of the directions 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 sophisticated mechanism of growth of layers. By our opinion, the quasi-step surface of the silicon carbide
layer stimulates the formation of seeds of the hexagonal 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 elongated ridges, merge. These seeds are insignificantly
disoriented in relative to each other. For this reason, many blocks are formed on the substrate,
which, with increasing of the thickness of the layer,
widespread absorbing smaller seeds, i.e. their coalescence takes place. Once the seeds are merged,
the surface acquires the orientation (1-101) or (1012). 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 density 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 deformation 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. Actually, at room temperature the coefficients of thermal
expansion of GaN-lattice in the direction of the cand a-axis are equal to: c =TDq %
,)('-6 1/K, a
-6
=TDq %
0 (' 1/K [65], and the CTE of silicon at
the same temperature is Si q)%
-('-6 1/K [66].
As known, with cooling of the films of polar gallium nitride synthesized on the silicon substrate,
the layer of gallium nitride is in the state of isotropic
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Fig. 17. The process of formation of semipolar GaN on SiC/Si(100); (a)- sequent stages of the synthesis
ce
bVXffbYfX cbTe=TD baI9I ('' fV[X TgVWe
TjaZ2 U TZXaXe
T TccXTe
TaVXbYg
[X
heterostructure GaN(1-101)/AlN/SiC/Si(100).

compression. It is associated with the fact that CTE
bY
=TDY
beg
[XTg
g
VXÑ
aÖfTe
ZXeg
[Tag
[X9J;bY
I
[67]. With increasing of the thickness of the GaNlayer the curvature radius of the structure decreases.
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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-lattice and Si (Fig. 17b) will make its own contribug
ba%IaVXg
[X9J;bY
g
[XTg
g
VXfÑ
aÖTaWÑ
cÖWY
Y
Xe
with cooling of the structure GaN(1-101)/AlN/SiC/
Si(100), the anisotropic bend of this layer will occur. Let us estimate the anisotropic bend of
semipolar GaN on Si(100)-substrate, using the formula (1) obtained in the [66] Si(100). We will assume that for the GaN the CTE in the semipolar
plane is equal to the CTE in the plane (100).
h
1h
6m  
,
2
2 4
R
h2
1mh 4 6 h 4 h m h
1

(1)

where: m = E1/E2, h = h1/h2;
= ( 1 - 2) T,
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[Xg
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he
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which the bend is calculated and the temperature 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 <1101> 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,
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and a method of hydride-chloride epitaxy of gallium
ag
eWXbaTf VbaVTe
UWXÑ
g
X cTg
XÖVTae
Xfhga
formation of epitaxial layers of semipolar gallium
nitride. The angle of X-ray diffraction for GaN(1-101)
was '~20'. The proposed approach to the synthesis of semipolar gallium nitride on silicon substrate
essentially differs from both the methods with using
of the low-temperature buffer layer [32] and methods 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 Ü
g
X cTg
Xf
for the structures of the gallium-nitride optoelectronics.
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