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X-ray diffraction analysis of the defect structure in AlxGa1−xN films
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Most of the GaN and related alloy materials used for
device development are epitaxially grown on sapphire.
Because of the large lattice mismatch (14%) between
GaN and sapphire, a thin, highly dislocated region is
generated at the layer/substrate interface to relieve the
strain, and the structural properties of this interface re-
gion have been studied in great detail [1]. Moreover,
the difference of thermal expansion coefficients and lat-
tice constants between GaN and Al2O3, induce crystal
defects such as micro-cracks, micro-pipes and mosaic
structures which affect the physical properties of the
GaN films [2]. Commonly, axis reflections of high in-
tensity are measured (i.e., (00l) reflections for (001)-
oriented epilayer, for example) and their full width at
half maximum (FWHM) values are taken as a figure of
merit for the crystalline perfection which is supported
by theoretical models [3]. In contrast to that, the estima-
tion of total dislocation densities in (001) oriented GaN
epitaxial layers requires measuring (hkl) reflections
with h or k �= 0 [4]. Such measurements were recently
reported for series of GaN layers grown by hydride va-
por phase epitaxy (HVPE) [5] and metal organic chem-
ical vapor deposition (MOCVD) [6]. However, sys-
tematic studies of the relationship between (00l) and
(hkl) X-ray diffraction (XRD) profiles have not been
reported. In this study, we report the reduction of the
defects in Alx Ga1−x N films by increasing Al content.

The Alx Ga1−x N films of 1 µm thickness were grown
by MOCVD on sapphire (0001) substrates with 20 nm
low temperature GaN buffer layers. Trimethygallium
(TMGa) and trimethylaluminum (TMAl) were used as
metal organic sources. The nitrogen source used was
ammonia (NH3). The Al content (x) of Alx Ga1−x N
films was controlled by the TMAl and TMGa flow
rates, and was determined from X-ray diffraction
(XRD) spectra by using Vegard’s law [7]. Also the
grain size of Alx Ga1−x N films was calculated by using
XRD technique.

According to the XRD theory [8, 9] with mosaic
structure, the FWHM were determined by distribution
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of crystal direction, distribution of the lattice spacing,
and superposition of finite crystal size. The grain size
of the crystal, L , can be estimated by the relation given
by Scherrer [10, 11].

L = Kλ

�θ2θ cos θ
(1)

where λ is the wavelength of the incident X-rays and
K is 0.7 [11–13] for micro-crystallity and 0.89 [14]
for thin film, respectively. �θ2θ is FWHM of Bragg’s
angle, and can be calculated by the following equation:

�θ2
2θ = �θ2

M − �θ2
s (2)

where �θM and �θs is the FWHM of sample and stan-
dard sample, respectively. We used the Al2O3(0001) as
standard sample for growing the Alx Ga1−x N.

Fig. 1a shows the θ/2θ -scan XRD spectrum of Al2O3
substrate. We can observe the two peaks according to
Cu Kα1 and Cu Kα2 of X-ray source and well resolved
by pseudo-Voight function fitting. In Fig. 1a closed
square is the measured data, dash and dot line are new
reconstructed peaks. The FWHM of Al2O3 is 0.04 ◦ due
to Cu Kα1. From the same fitting method, Alx Ga1−x N
samples were fitted and the FWHM were calculated
0.11 ◦ for GaN (In Fig. 1b) and 0.08 ◦ for Al0.13Ga0.87N
(In Fig. 1c).

Fig. 2 shows the θ -rocking curve of Alx Ga1−x N films
for (0002) plane. The FWHM and grain size are sum-
marized in Table I. The FWHM of θ -rocking curve
increases with Al content, but the grain size increases
with Al content. Despite the large FWHM of the θ -
rocking curve for samples with high Al contents, the
grain size is larger than the GaN. This means that the
crystal quality of c-plane decreases with increasing Al
content. The grain is related to defects such as threading
dislocations. As usual, the GaN epitaxial films have a
specific defect structure consisting of dislocation en-
sembles and so-called columns. An etched grain is
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Figure 1 X-ray diffraction profiles in the θ/2θ mode of Alx Ga1−x N
films: (a) Al2O3, (b) GaN and (c) Al0.13Ga0.87N. The closed squares
are the data, dashed line is CuKα1, dot line is CuKα2, and solid line is
simulated resulted from CuKα1 and CuKα2.

Figure 2 The X-ray θ -rocking curve of Alx Ga1−x N films. The inserts
show the FWHM of θ -rocking curve.

TABLE I The FWHM of θ -rocking curve and grain size from calcu-
lated by Scherrer equation

Sample (x) θ (arcmin.) θ/2θ (deg.) Grain size (Å)

0.00 6.8 0.110 884
0.03 8.5 0.098 1013
0.06 9.1 0.094 1065
0.13 10.8 0.080 1308
0.20 10.2 0.066 1727
0.24 12.0 0.101 980
0.29 12.6 0.098 1020
0.33 14.4 0.103 960
0.38 14.9 0.102 965

Figure 3 The dislocation density of Alx Ga1−x N films as a function of
Al content.

associated with a dislocation which twists (tilts) the
grain with respect to its neighbors. It has been noted that
grain boundaries between grains, as in mosaic struc-
tural material, arise only if arrays of dislocations are
formed. The grain size was calculated and the values
ranged about 850–2000 Å, with increasing Al contents.
This values are in good agreement with those reported
by Koide [9] and Wang [15].

Fig. 3 shows the dislocation density as a function of
Al contents. As shown in Fig. 3, the dislocation densi-
ties decrease with increasing Al content up to 0.2. Thus
it is concluded that a large grain size (or decreased dis-
location density) can be obtained via increase of Al
content. This is described by a linear relationship be-
tween peak width and dislocation density. Bottcher et
al. [16] have reported that the edge dislocation density
is significantly influenced by the average grain diam-
eter, being approximately proportional to the inverse
grain diameter. The dislocation density was deduced
as a function of Al content from the linear relation of
the grain size and the values fall in the range of 109–
1010/cm2. The dislocation density decreases with in-
creasing Al contents up to 0.2. In order to reduce the
threading dislocation density, Kashima et al. [17] have
used an AlN interlayer during the GaN growth. The Ga
vacancies could be totally replaced by the diffused Al,
even through only one sixth of the Al can substitute for
the same group-III Ga atoms. It is noted that for the epi-
taxy methods, such as MOCVD and HVPE, rather high
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temperatures (higher than 800 ◦C) are required for
growth. At such sustained elevated temperatures (T =
1060 ◦C for MOCVD), atomic diffusion would appear
to be a dominant process associated with the film’s
growth allowing Al atoms to diffuse and fill the Ga
sites in the near-interface region in the film. Also, Xu
et al. [18] have reported that most Ga vacancy sites are
replaced by the group-III element Al at the interface.
This follows not only from the copious amount of Al
present at the interface, but also from the fact that Al
has similar chemistry to Ga.
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