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Abstract 
Purpose: The paper describes structural features of the growth of GaN layers synthesized by plasma-assisted molecular beam 
epitaxy on silicon substrates without substrate nitridation and without the formation of an aluminum-containing interlayer.
Experimental: High-resolution X-ray diffractometry was used to show that the proposed method can be used to grow strain-
free GaN films.
It was found that in GaN layers grown directly on the Si substrate after its surface passivation by Ga atoms, the value of 
residual strain was at 300 MPa, while the use of indium atoms as a surfactant during the growth of the GaN layer resulted 
in a higher residual strain.
Conclusions: The obtained results are important for understanding the viability of the proposed approach for the formation 
of GaN layers directly integrated with Si without substrate nitridation and the formation of an aluminum-containing buffer. 
This method opens new opportunities for designing AIIIN-based optoelectronic devices.
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1. Introduction
AIIIN semiconductors, with GaN being 

the most prominent example, have excellent 
electrophysical and optical properties that make 
them ideal for their use in high-power, high-
frequency electronic devices [1,2]. However, 
there are still some unresolved problems related 
to the growth of high quality AIIIN layers on 
silicon substrates, which are most affordable 
for the production of microelectronic devices. 
These problems are associated with significant 
differences in the parameters of crystal lattices 
and thermal expansion coefficients [3].

Over the past decades, many methods have 
been proposed to reduce number of defects in the 
operating area [4, 5], with the most prominent 
of them being the use of Al transition and buffer 
layers. However, methods for optimizing AIIIN 
growth conditions vary depending on the used 
substrate. Interestingly, several studies have 
demonstrated that optical and electronic devices 
can be manufactured without intermediate layers 
like AlN or AlGaN.

In our previous work concerned with the 
study of the initial stages of plasma-assisted 
molecular beam epitaxy (PA MBE) of GaN layers 
on Si(111) substrates, it was demonstrated that 
the smoothest surfaces of GaN layers on Si(111) 
substrates can be obtained either without pre-
epitaxial substrate nitridation or after high-
temperature nitridation (TN = 850 °C) [6]. 
Therefore, it is extremely important to study the 
mechanisms of nitride growth in the region of 
the epitaxial layer/substrate hetero-interface, 
which would effectively reduce the elastic 
stresses to a level where microcracks and defects 
are not formed in the operating area. Thus, this 
paper describes the results of diffractometric 
studies of the peculiarities of PA MBE growth 
of GaN layers on silicon substrates without 
substrate nitridation and the formation of an 
intermediate AlN nucleation layer under Ga-
enriched conditions and with additional In flow 
intended in order to increase the surface mobility 
of adatoms.

2. Materials and methods
In the study, the GaN epitaxial layers were 

grown by PA MBE technique on a Veeco Gen 200 
setup, which allows simultaneously using up to 4 

four-inch plates (or one substrate with a diameter 
of up to 200 mm) during the growth process 
[6]. Undoped GaN layers were grown on semi-
insulating Si(111) substrates (R > 10,000 Ohm/cm) 
that had been treated using the Shiraki method.

The PA MBE synthesis of GaN layers consisted 
of two stages. First, a low-temperature LT-GaN 
nucleation layer with a thickness of ~10 nm 
was grown. Then (second stage), the main GaN 
layer was grown, which for A-type samples was 
synthesized at Tp = 720 °C, while for B-type 
samples, the main GaN layer was under a similar 
nitrogen flow, but at a lower temperature of 
Tp = 700 °C, with the addition of indium flow 
intended to increase the surface mobility of the 
adatoms and consequently achieve a smoother 
GaN surface.

Reflection high-energy electron diffraction 
(RHEED) was used for in-situ observation of 
the nucleation and changes in the surface 
morphology of the GaN/Si(111) layers. It 
was found that the onset of the growth was 
accompanied by a decrease in the intensity 
of the initial RHEED pattern of the substrate 
followed by the formation of misoriented LT-
GaN grains (“polycrystalline” RHEED pattern) 
characteristic of nucleation. At the beginning 
of the main GaN layer growth, there was a 
gradual formation of a “dot” RHEED pattern, 
characteristic of the growth of a continuous 
layer with a developed surface morphology. 
Further growth of the main GaN layer was 
accompanied by a transition from a “dot” to 
“linear” RHEED pattern, indicating a transition 
from nanocolumnar to two-dimensional growth.

Fig. 1 schematically shows the technological 
profiles of the grown samples.

High-resolution X-ray diffraction data 
were obtained at 305 K using a DRON-8T 
diffractometer. The 2θ-ω scans and ω rocking 
curves (XRC) were taken using CuKα radiation 
with an angular reproducibility of ±0.0001°. 
High resolution was achieved with the help of a 
Ge(220)×4 Bartels monochromator and a 0.05 mm 
slit installed in front of the detector.

Processing and analysis of experimental 
diffractometric data (smoothing, fitting, baseline 
removal, determination of centers of maximum) 
were performed using the Fityk, OriginPro 
software packages (OriginLab Corporation) [7].
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3. Results and discussion
Fig. 2 shows the X-ray diffraction results 

for GaN/Si (111) heterostructures. Only two 
reflections were observed in the 2θ-ω scans. The 
first one (less intense) was a reflection from (111) 
plane of the silicon substrate, and the second, 
(0002), was a reflection from the GaN plane, 
respectively. No other reflections were detected, 
indicating that the grown GaN layer was in a 
monocrystalline state and had a hexagonal lattice 
with wurtzite structure.

To determine the crystalline quality of the 
epitaxial films, symmetric and asymmetric 

X-ray 2θ-ω scans and high-resolution ω rocking 
curves were obtained for the (0002) and (101̄2) 
planes. The results are shown in Fig. 3. It can be 
seen that the Bragg angle of the maxima of the 
symmetric and asymmetric reflections in the 
2θ-ω scans (Fig. 3a, c) differ between samples 
A and B, which means that they have different 
parameters of the crystal lattice of the GaN 
layer.

Moreover, besides the main high-intensity 
maxima, the 2θ-ω (101̄2) scan for sample A 
(Fig. 3C) has an additional diffraction pattern 
(in the region of large Bragg angles). There is 

Fig. 1. Schematic representation of samples GaN/Si(111) heterostructures

Fig. 2. XRD 2θ-scans for the GaN/Si(111) heterostructures
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also an additional low-intensity maximum at 
the (101̄2) of the ω rocking curve for sample 
A (Fig. 3d). These facts may indicate that a 
sublayer with a smaller lattice parameter than 
that of the main GaN layer was formed in 
sample A.

For each diffraction maximum, the full width 
at half maximum (FWHM) was determined 
using XRD scans. The analysis of FWHM values 
provided further information on the crystalline 
quality of the samples. Thus, the FWHM of the 
diffraction reflection in the 2θ-ω scan showed 
the presence of inhomogeneous deformation 
and changes in the grains size of the sample. 
Additionally, the FWHM of the maximum in the 
ω rocking curve provided information on the 
orientation of the crystallites in the epitaxial 
layer, i.e. mosaic structure.

The analysis of the obtained results (Fig. 3) 
revealed that the FWHMs of the main diffraction 
maximum in the 2θ-ω and ω-scans for the 
(0002) plane had similar values for samples A 
and B, while the FWHM of the (101̄2) reflection 
was lower for sample B. This may also indicate 
that in the direction of growth of the GaN layer, 
both samples had the same relaxation values 
and degrees of mosaic structure, while in the 
growth plane these values, as well as the lattice 
parameters, differed between the samples. The 
measured FWHM (0002) values in the 2θ-ω scans 
for samples A and B were 360 and 350 arcseconds, 
respectively. We compared the obtained values 
with those presented in the study by Jae-Hoon 
Lee et al. [8] where a high-quality GaN layer 
(~1.5 μm) with reduced stress and dislocation 
density was grown on Si substrate. As a result, 

Fig. 3. XRD 2θ-scans (a,c) and ω-swing curves (b,d) GaN/Si(111) simples
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it can be concluded that the FWHM values for 
the (0002) plane were similar while the FWHM 
value for the  (101̄2)  plane was much lower. 
Also, the FWHM values for the (0002) plane on 
the ω rocking curves were much higher than the 
FWHM value in the 2θ-ω scans. It means that 
at the same value of the film’s mosaic structure 
GaN layer should have better relaxation in the 
growth direction.

Asymmetric X-ray diffraction scans for the 
(101̄2) plane provided information for directions 
coinciding with a and c axes of the wurtzite lattice 
[9]. The FWHM value for the (101̄2) reflection 
was higher in the ω scans than in the 2θ-ω scans. 
This indicates at a lower stress due to the lattice 
mismatch in this direction; however, it also means 
more pronounced mosaic structure. Moreover, 
the FWHM value for the (101̄2) reflection in the 
ω-scan for sample A was significantly higher than 
that one for sample B.

It is well known that an increase in the FWHM 
of X-ray reflections, which is associated with 
both the orientation and microdeformation of 
crystallites in the epitaxial layer, represents the 
formation and changes in the density of screw 
(c-type) dislocations along c crystal axis and edge 
(a-type) threading dislocations. In [10], it was 
shown that the values of the density of screw and 
edge dislocations in the epitaxial layers of nitrides 
can be estimated by ω rocking curves based on the 
following relations [11]:

D
bS
S

=
b0002
2

24 35.
	 	 (1)

D
bE
E

=
b1012
2

24 35.
		  (2)

Here, b0002 and b101̄2 are the FWHMs for the sym-
metric and asymmetric omega scans, while 
bS = 5.1864 Å  and bE = 3.1890 Å are the lengths of 
the Burgers vectors. The calculations showed 
(see Table 1) that the density of screw disloca-
tions in the epitaxial layer of GaN in both sam-
ples was higher than that one of the edge dislo-
cations. However, the density of screw and edge 
dislocations in sample B was lower than in the 
sample A.

HRXRD data were used to determine lattice 
constants a and c for the epitaxial layer with the 
wurtzite structure [12].

Experimentally obtained values of the lattice 
constants were used to determine the relaxation 
coefficient R of GaN layer relative to the Si 
substrate, the biaxial stress coefficient, and the 
residual stresses (see Table 1).

The lattice relaxation in the epitaxial layer 
can be calculated by the formula:

R
a a
a a
e S

S

=
-
-0

	 	 (3)

where ae is the lattice parameter measured exper-
imentally; aS is the lattice parameter equivalent 
to that one which the layer would take if it was 
completely deformed; and a0 is the lattice param-
eter which the layer would take in the bulk state.

The monocrystalline silicon (substrate) 
oriented along the (111) direction had the 
effective lattice parameter aS = 3.84 Å [13]. The 
values of the lattice parameter for unstressed GaN 
were taken from previous studies: c0 = 5.1864 Å, 
a0 = 3.1890 Å [14,15].

The obtained results (Table 1) indicate that 
GaN layer grown on a Si substrate by the proposed 
method was almost ~99% strain-free for the 
samples of both types.

Since the a parameter of the GaN wurtzite 
lattice is larger than the effective lattice 
parameter of the silicon substrate with (111) 
orientation, cooling of the sample after its 
growth is accompanied by appearance of biaxial 
deformation in the GaN epitaxial layer .[16]. 
The in-plane biaxial stress σxx of GaN can be 
calculated as follows [17–19]:

s exx xxM= - .		  (4)

Deformations in the εxx plane (along the 
a-axis) and in the direction of the εxx growth 
(along the c-axis) were calculated as follows [20]:

e exx
e

zz
ea a

a
c c
c

=
-

=
-0

0

0

0

, 	 (5)

M is biaxial elastic modulus.

M C C
C
C

= + -11 12
13
2

33

2 		  (6)
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According to (8), for GaN with a wurtzite 
lattice M ~ 479 ГПа.

The calculations showed (see Table 1) that 
the level of residual in-plane biaxial stress for 
sample A was at ~270 MPa, while for sample B it 
was almost three times higher and attained up 
to ~930 MPa.

4. Conclusions
The paper describes the structural features 

of the growth of GaN layers synthesized by PA 
MBE on silicon substrates without substrate 
nitridation and without the formation of an 
intermediate aluminum-containing layer.

High-resolution X-ray diffractometry was 
used to show that the suggested method can be 
used to grow strain-free GaN films.

It was found that in GaN layers grown directly 
on the Si substrate after the passivation of its 
surface with Ga atoms, the value of residual strain 
is of 300 MPa, while the use of indium atoms as 
a surfactant during the growth of the GaN layer 
results in a higher residual strain.

The obtained results are important for 
understanding the viability of the proposed 
approach for the formation of GaN layers directly 
integrated with Si without substrate nitridation 
and formation of an aluminum-containing 
buffer. This method opens up new opportunities 
for designing AIIIN-based optoelectronic 
devices.
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