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We report an anomalous lattice deformation of GaN layers grown on SiC(0001) by molecular
beam epitaxy. The evolution of the lattice parameters during the growth of the GaN layers was
measured by in situ synchrotron X-ray diffraction. The lattice parameters in the directions parallel
and normal to the surface showed significant deviation from the elastic strains expected for latticemismatched films on substrates up to a thickness of 10 nm. The observed lattice deformation was
well explained by the incorporation of hydrostatic strains due to point defects. The results indicate
that the control of point defects in the initial stage of growth is important for fabricating GaNC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939450]
based optoelectronic devices. V

In all optoelectronic devices composed of GaN-based
materials, the initial growth properties of the GaN, i.e., surface morphology, crystal strain, and incorporation of intrinsic point defects, are crucial for their performance.1–3 In the
case of GaN/SiC(0001) heteroepitaxy, these properties
should be characterized at the growth temperature because
of a large thermal mismatch between the layer and the substrate, which would induce large state variations during cooling.4 Reflection high-energy electron diffraction (RHEED) is
commonly used for in situ monitoring in molecular beam
epitaxy (MBE), and the surface morphology can be evaluated from changes in the RHEED pattern or intensity.5,6
Furthermore, this technique can provide the lattice parameter
along the in-plane direction, which is estimated from the
spacing between streaks.7,8 However, conventional in situ
monitoring is insensitive to the lattice parameter along the
surface normal direction, knowledge of which is necessary
to estimate the initial crystal strain more precisely. Point
defects during the initial growth are important since they
directly affect the electrical conductivity, carrier recombination, and optical properties.9–12 Although the point defects
(vacancy, antisite, and interstitial defects)13–16 and their relation to the crystal strain have been extensively studied,17 previous studies have mainly dealt with GaN films sufficiently
thick to be regarded as bulk crystal. Therefore, there has
been no report on the initial strain involving the point
defects. In this study, in situ synchrotron X-ray diffraction
(in situ XRD) was conducted to measure the lattice parameters of GaN in both the in-plane and out-of-plane directions.
The combined use of a high-brilliance synchrotron radiation
source and a two-dimensional (2D) detector has enabled
high-speed measurements with atomic-scale resolution.
Using this method, we found anomalous lattice deformation
during the initial growth of GaN, and demonstrated that this
is due to incorporation of the point defects.
Experiments were performed at the synchrotron
radiation facility SPring-8 (Beamline 11XU), using a
plasma-assisted MBE system directly coupled to the X-ray
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diffractometer.18,19 In the MBE chamber, following the removal of native oxides from the Si-faced 6H-SiC(0001) substrate by high-temperature heating, GaN was directly grown
on the substrates. X-rays with an energy of 20 keV were
focused to a size of 0.1  0.1 mm2 by a four-blade slit. The
diffracted X-ray signals were detected by a 2D detector
(PILATUS 100 K) with an angular resolution of 0.014 . As
shown in Fig. 1(a), while the GaN film was being grown on
SiC, 2D reciprocal space maps (RSMs) around the SiC-103
Bragg reflection were measured with the sample rotated
about the surface normal g axis by 61.2 . A single scan took
7 s, which corresponded to the growth of 0.5-ML thick GaN.
The surface morphology was checked by RHEED during
and after the growth of GaN. It is known that the initial
growth mode of GaN largely depends on growth temperature
and III/V flux ratio, and can involve 2D growth, threedimensional (3D) growth, or transition from 3D to 2D
growth, as shown in Fig. 1(b).20–22 We investigated four
samples grown at various temperatures (660  C, 675  C, and
690  C) and III/V flux ratios (1.5 and 0.4). These growth
conditions are marked in Fig. 1(b). In the present study, the
III/V flux ratio was calibrated by a series of growth experiments with Ga flux varied and N flux fixed. At a relatively
low III/V ratio, the growth rate of GaN increased with the
Ga flux. With further increasing Ga flux, however, the GaN
growth rate is no longer proportional to the Ga flux and eventually became saturated due to limitation of the N supply.
From this transition point, which corresponded to the boundary between the group-III limited and group-V limited
growth, the N flux was determined to be 0.2 Å/s. Figure 1(c)
shows the evolution of RHEED intensity at a specular position during the deposition and desorption of Ga in UHV. The
deposition time of Ga was 30 s. At a deposition rate corresponding to a III/V ratio of 1.5, the RHEED intensity
decreased in two steps as soon as the Ga shutter was opened.
After the supply of Ga was stopped, the RHEED intensity
recovered in two steps. This behavior is in good agreement
with literature,23 indicating that the Ga-bilayer and droplets
were formed during the deposition of Ga and that the excessive Ga was thermally reevaporated after the Ga shutter was
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FIG. 1. Schematic of in situ XRD during the growth of GaN on the SiC substrate (a), and growth regimes of the
GaN as a function of the growth temperature and III/V ratio (b). Growth
conditions used in this study are indicated by crosses. Evolution of RHEED
intensity during the deposition and desorption of Ga is shown in (c). The N
source was not supplied throughout
this monitoring. The kinks due to the
two-step process are indicated by
arrows and corresponding surface
structures are schematically shown in
the inset. Typical in situ RSMs at the
growth temperature of 675  C and
Ga-rich conditions are indicated in (d).
GaN thicknesses are (i) 0 (before
growth), (ii) 0.5, (iii) 0.8, (iv) 1.0, (v)
2.1, and (vi) 10 nm.

closed, as illustrated in the inset. In contrast, the RHEED intensity did not change at a deposition rate corresponding to a
III/V ratio of 0.4, suggesting incoming Ga is readily desorbed so that Ga was not accumulated on the surface.
Typical RSMs at GaN thicknesses of 0 to 10 nm at the
growth temperature of 675  C and Ga-rich conditions are
shown in Fig. 1(d). The horizontal and vertical axes indicate
reciprocal lattice coordinates in the in-plane (H) and surface
normal (L) directions, respectively, corresponding to the lattice constants of SiC at the growth temperature.
Figure 2 shows the evolution of the position of the GaN101 peak as a function of the film thickness when the GaN
was grown under Ga-rich and intermediate conditions. At
thicknesses less than 1.0 nm, the diffraction intensity was so
weak that the peak position could not be determined. Insets
are scanning electron microscopy (SEM) and RHEED images
measured after the growth of 90-nm thick GaN. Gallium droplets were not observed in the SEM images although the
growth was performed under Ga-rich conditions. We assume
that the residual Ga droplets on the surface were evaporated
while the samples were annealed at the growth temperature
for several minutes for post-growth XRD measurements.

At a growth temperature of 660  C (Fig. 2(a)), the
RHEED pattern was almost streaky throughout the growth,
which was identified as 2D layer growth. However, as shown
in the inset, many surface pits were observed by SEM after
the growth of 90-nm thick GaN. At a temperature of 675  C,
the peak shift in the H direction was much smaller than that
at 660  C, as shown in Fig. 2(b). This sample showed a
spotty RHEED pattern from the beginning of the growth,
indicating the formation of 3D islands. The spots began to
change into streaks at 2 nm and this transition was complete
at 5 nm. As shown in the inset, clear streak patterns and a relatively smooth surface were observed after the growth. At a
substrate temperature of 690  C (Fig. 2(c)), the peak position
in the L direction was found to increase rapidly than that at
675  C. Although the RHEED pattern showed a gradual transition from 3D to 2D growth, similar to the growth at 675  C,
spotty features persisted even after growth over the thickness
of 10 nm. The surface morphology was characterized by plateaus and valleys, which are typical in high-temperature
growth of GaN.21 Figure 3 shows the results under the
N-rich conditions, which are often used in nanowire
growth.24–26 The peak position along the L direction
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FIG. 2. Evolution of X-ray peak positions in the L and H directions as a
function of the film thickness of GaN
grown on the SiC substrate under
Ga-rich and intermediate conditions.
The substrate temperatures were (a)
660  C, (b) 675  C, and (c) 690  C.
Insets are SEM images and RHEED
patterns along the [11-20] direction after growth of 90 nm thick GaN. In the
SEM images, the scale bars correspond
to 100 nm. The fully relaxed and fully
strained positions were calculated by
classical elastic theory and are indicated by dashed lines. Solid lines are
calculation results using Equations
(1)–(3).

decreased with the GaN thickness. This tendency is contrary
to that under the Ga-rich conditions. The RHEED pattern
was spotty throughout the growth, which is consistent with
the considerably rough surface morphology shown in the
inset.
Peak positions calculated by classical elastic theory for
fully relaxed and fully strained GaN are shown by the dashed

lines in Figs. 2 and 3. In Fig. 2, the change of the peak position is clearly smaller in the H direction than in the L direction. Moreover, in Fig. 3, the peak position in the L direction
deviates from the range of the two dashed lines. Their correlation cannot be accounted for by elastic deformation. In previous ex situ studies on the strain in thick GaN films, the
existence of a hydrostatic strain resulting from point defects

FIG. 3. Evolution of X-ray peak positions in the L and H directions as a
function of the film thickness of GaN
grown on the SiC substrate under
N-rich conditions. Insets are the SEM
image and the RHEED pattern along
the [11-20] direction after growth of
90-nm thick GaN. In the SEM image,
the scale bar corresponds to 100 nm.
The fully relaxed and fully strained
positions were calculated by classical
elastic theory and are indicated by
dashed lines. Solid lines are calculation
results using Equations (1)–(3).
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FIG. 4. Calculation results for L and H
as a function of the film thickness of
GaN grown on the SiC substrate. The
initial density of Ga(N) antisites, P0,
was varied in the range of 1020 to
1022 cm3. The critical thickness, tc,
was fixed to be 0.8 nm.

has been reported in addition to the conventional biaxial
strain.17,27–29 Because of the large difference in atomic radii
between Ga and N, a high density of point defects is known
to be generated in GaN.30 Kisielowski et al.17 have proposed
a strain model, considering both elastic and hydrostatic
strains along the surface normal (ec) and in-plane (ea) directions as follows:


2
ec ¼ ð1  bPÞ 1 þ ra  1 ;
E


1
ea ¼ ð1  bPÞ 1 
ra  1;
(1)
E
where P is the point defect density,  is Poisson’s ratio, and
E is Young’s modulus. The coefficient b, which depends
on the types of point defects, is expressed as
b ¼ 1=3½1  ðrs =rh Þ3 A1 , where rs and rh are the atomic
radii for the solute and host atoms, respectively, and A is an
atomic density, which is 8.8  1022 cm3 for GaN. The biaxial stress, ra, imposed on the grown GaN film by lattice mismatch, can be related to the in-plane lattice parameter, aGaN.
Based on van der Merwe’s equilibrium model,31 Kim et al.32
have experimentally determined the thickness dependence of
GaN
þ tc =tðaSiC
Þ, where a0GaN
aGaN as aGaN ðtÞ ¼ aGaN
0
0  a0
SiC
and a0
are in-plane lattice constants of unstrained GaN
and SiC, respectively, and tc is the critical thickness.
Therefore, the thickness-dependent biaxial stress ra can be
calculated as follows:
ra ¼ r0

aGaN
 aGaN
0
;
GaN
a0  aSiC
0

(2a)

where the initial value of the biaxial stress, r0, is a misfit
stress between GaN and SiC at the growth temperature.
Considering that GaN is prone to incorporating point defects
in the presence of the biaxial stress, it can be assumed that
the point defect density, P, is related to aGaN as follows:
P ¼ P0

aGaN
 aGaN
0
;
aGaN
 aSiC
0
0

(2b)

with the initial value of point defect density, P0. Using
Equations (1) and (2), the peak positions in the L and H
directions can be derived as follows:

L¼

3  cSiC
0
;
ec cGaN
þ cGaN
0
0

H¼

aSiC
0
;
ea aGaN
þ aGaN
0
0

(3)

where c0GaN and c0SiC are lattice constants along the surface
normal direction in unstrained GaN and SiC, respectively.
Figure 4 shows the results of calculations with varying P0
for Ga antisites (rs ¼ rGa, rh ¼ rN) or N antisites (rs ¼ rN,
rh ¼ rGa). Though the generation of other intrinsic point
defects, such as vacancies or interstitials, is also theoretically
predicted in a GaN crystal, Ga(N) antisites are expected to
be dominant under Ga(N)-rich growth conditions. The calculation results demonstrate that the hydrostatic strain comes
into play for a Ga antisite density higher than 1021 cm3 and
for N antisite density higher than 1022 cm3. It should be
noted that the direction of the peak shift along L reverses
with increasing density of N antisites up to 1022 cm3.
As shown by the solid lines in Figs. 2 and 3, the model
based on the incorporation of Ga- or N- antisites provided
good fitting results. The critical thickness, tc, was estimated
to be approximately 1 nm, which is in agreement with the
theoretical prediction based on Matthews and Blakeslee’s
model33 and previous experimental results by RHEED and
atomic force microscopy (AFM).34,35 In contrast, the critical
thickness for Stranski–Krastanov (SK) growth of GaN/AlN
has been reported to be a similar value, 2 ML (0.5 nm).36,37
The slight variance in estimated tc, depending on the growth
temperatures, may be due to the initial morphology of GaN.
Under Ga-rich conditions, the initial antisite density, P0, was
estimated to be approximately 1  1021 cm3, which
decreased by one order of magnitude over the thickness of
10 nm. By this thickness, hydrostatic strains originating from
antisite defects had almost been relieved along with the biaxial strains due to lattice mismatch with the substrate. For
undoped growth, it is highly likely that the point defects that
induce expansive strains in the initial stage of the growth are
gallium antisites. The possibility of other impurities, such as
oxygen and carbon, can be eliminated because their atomic
radii are smaller than that of gallium. Under N-rich conditions, P0 was estimated at approximately 1  1022 cm3,
which is higher than that under the Ga-rich conditions. There
are several reasons for such a high density of nitrogen antisite defects. First, the Ga/N flux ratio was more distant from
stoichiometry in the N-rich conditions than in the Ga-rich
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conditions. We have found that increasing the III/V ratio
under N-rich conditions (III/V < 1) effectively reduces the
initial antisite density.38 This suggests that careful control of
the III/V ratio is important, particularly in the initial stage of
growth. Second, a rough surface with a high density of 3D
islands facilitates the incorporation of nitrogen because of its
large surface area. Third, N antisites in a GaN crystal are energetically more favored than Ga antisites.39 Finally, volume
contraction due to vacancies and impurities other than
nitrogen cannot be eliminated.40 With such unexpected
point defects, the concentration of N antisites may be
overestimated.
In conclusion, we have performed in situ synchrotron
XRD measurements to investigate the lattice deformation of
GaN films of up to 10 nm grown on SiC(0001). The in-plane
and out-of-plane lattice parameters of GaN were found to
behave differently from those of the elastically strained film.
The point defect model accounted well for the experimental
results, indicating that the Ga or N antisite defects, depending on the Ga/N flux ratio, were prone to be formed in the
initial stage of GaN growth. The present results show the importance of careful control of stoichiometry in heteroepitaxy
of GaN.
This work was performed at BL11XU of SPring-8,
Japan, under proposals 2014B3503 and 2015A3503.
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