
Jpn. J. Appl. Phys. Vol. 39 (2000) pp.L 16–L 18
Part 2, No. 1A/B, 15 January 2000
c©2000 Publication Board, Japanese Journal of Applied Physics

Essential Change in Crystal Qualities of GaN Films by Controlling Lattice Polarity
in Molecular Beam Epitaxy
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GaN heteroepitaxial growth on sapphire (0001) substrates was carried out by radio-frequency plasma-assisted molecular
beam epitaxy (rf-MBE). A Ga-polarity growth was achieved by using an AlN high-temperature buffer layer. The epilayer
polarity was characterized directly by coaxial impact collision ion scattering spectra (CAICISS). It was found that the properties
of the GaN films showing Ga-face polarity, including their structural and electrical properties, were dramatically improved
compared to those of films with N-face polarity. This important conclusion is considered to be a breakthrough in the realization
of high-quality III-nitride films by MBE for device applications.
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Wide bandgap GaN and related III-nitride materials have
attracted a great deal of attention due to their potential use-
fulness in optical and electronic devices. Until now, metal-
organic chemical vapor deposition (MOCVD) has been be-
lieved to be the most suitable technique for III-nitride growth.
MOCVD-grown films always show a smooth surface, and it
is well recognized that MOCVD-grown films mostly have
Ga-polarity.1) It is also well known that molecular beam epi-
taxy (MBE) is one of the most successful techniques for III-V
semiconductor growth. However, in the case of III-nitride ma-
terials, MBE-grown films usually show poor qualities com-
pared with MOCVD-grown ones, especially in regard to
the electrical properties. The main reason is thought to be
the presence of structural defects, which apparently degrade
structural properties and surface morphology. Contrary to
the case of films grown by MOCVD, the lattice orientation
of conventional MBE-grown GaN is assumed to be mainly
N-face.2) It is suggested that the poor quality of MBE-grown
epilayers might be attributable to the N-face polarity. Much
effort has been made to improve the qualities of MBE-grown
films, for example, using MOCVD-grown GaN samples as
substrates,3) the In-doping method,4–6) NH3 as the nitrogen-
source,7,8) etc. High electron mobility has often been re-
ported, however, the reason for the quality improvement is
not clear. Thus, the essential reason for the MBE-grown films
is still unknown.

In this study, we investigated the film qualities of GaN epi-
layers grown by rf-MBE with several kinds of growth proce-
dures tried at the initial stage of the growth. X-ray diffraction
(XRD) rocking curves and Hall effect measurements (300 K)
were used to characterize the films. We also examined the
coaxial impact collision ion scattering spectra (CAICISS) to
directly clarify the lattice polarity, and found a correlation
between the lattice polarity and the epilayer qualities. It is
demonstrated that the qualities of GaN films exhibiting Ga-
polarity are much improved compared with those exhibiting
N-polarity.

The GaN films were grown on sapphire (0001) substrates
by rf-MBE. Three kinds of growth procedures were tried at
the initial stages of growth. One procedure (procedure 1) was

dicating 2-dimensional growth. First, we show the structural
quality differences noted in films grown using procedure 1
and 3. Omega-2theta scan results revealed a narrow (0002)
GaN peak (about 50 arcsec in full-width at half maximum
(FWHM) in ω), with almost no difference between the two
samples. This means that the fluctuation of the lattice con-
stant along the c-axis is very small for both samples. How-
ever, the XRD rocking curve measurements revealed a large
difference between the samples grown using these two proce-
dures, as shown in Fig. 1. The FWHM of the sample grown
using procedure 3 (GaN buffer layer) is about 27.4 arcmin,
while that of the sample grown using procedure 1(AlN buffer
layer) is 14.5 arcmin, which is nearly half the value of that for
the film grown using procedure 3. According to the theory of
X-ray diffraction from thin films with mosaic structure,9) the
FWHM value of the XRD rocking curve is mainly attributable
to the fluctuation of the crystal orientation with respect to the
c-axis. Therefore, the results make it clear that the formation
of mosaic structures in the GaN films is greatly suppressed
by the use of the AlN buffer layer. A narrower rocking curve
width was also obtained for the sample grown using proce-

the adoption of an AlN high-temperature buffer layer before
the GaN growth. The second one (procedure 2) was the in-
sertion of In-doped GaN layers before the GaN growth. The
content of In was just equal to doping level. For the sake
of comparison, conventional GaN buffer layers was used for
the GaN growth (procedure 3). The details will be described
elsewhere. Although these different growth procedures were
used, other growth conditions were almost the same. The
N-plasma power was 350 W and the N2 flow rate was 5 sccm.
The growth temperature was fixed at 700◦C and the growth
rate obtained was 0.6µm/h. The total thickness of the sam-
ples was about 1.2µm. XRD rocking curve measurements in
a Philips-MRD apparatus were used to characterize the struc-
tural properties, and Hall effect measurements were carried
out at 300 K using the Van der Pauw technique. CAICISS
characterization was applied to clarify the lattice polarity of
the GaN films. In the CAICISS measurements, a He+ ion
beam was employed as the incident beam, and the incident-
angle-dependence of the CAICISS signal of Ga was mea-
sured.

During the growth, in-situ reflection of high-energy elec-
tron diffraction (RHEED) showed a (1× 1) streak pattern in-



servations (5×5 and 3×3 reconstruction during the decrease
of growth temperature) and wet chemical etching in NaOH
solution.12) These methods have been used as expedient mea-
sures, however, the correlation with film polarity had not nec-
essarily been well established. In this study, the film polarity
of each sample was examined directly by the CAICISS tech-
nique, and one common feature, i.e., Ga-polarity, is revealed
for the GaN films grown using two different growth proce-
dures exhibiting improved qualities. This implies that the dra-
matic improvements of GaN films qualities are attributable to
a change of lattice polarity during the growth. Therefore, it
is important to emphasize that the growth of GaN should be
conducted under the Ga-polarity mode to improve the film
qualities. It is also noteworthy that the growth conditions in
this study were not fully optimized and the film thickness was
still small (1.2µm). Much better results are expected with
optimization of the growth conditions and increase of the film
thickness to more than 2µm. The realization and character-
ization of Ga-polarity growth will be described in detail in a
future publication.

In conclusion, the film qualities of GaN films grown on
sapphire (0001) substrates by rf-MBE were investigated. It
was found that the qualities of the GaN films with Ga-face
polarity, including their structural and electrical properties,
were dramatically improved compared to those of films with
N-face polarity. The lattice polarity was confirmed directly by
the CAICISS technique and conventional methods. The key
factor for the improvement in qualities was found to be con-
trol of the lattice polarity of the GaN films during the growth.
It is emphasized that the growth of GaN must be carried out
in the Ga-face mode in MBE to obtain high-quality films for
the device applications.
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dure 2.
It is considered that the electron mobility should be greatly

influenced by the mosaic structure in the GaN films. There-
fore, the reduction in the mosaicity of the structure is ex-
pected to improve the Hall mobility in the GaN film. Since
we consistently obtained samples with too high resistivity to
allow Hall-effect measurements using procedure 1, we doped
the sample with Si at a similar carrier concentration level as
that achieved by procedure 3. Table I illustrates the electri-
cal properties of the samples as determined by Hall measure-
ments. It is clear that the Hall mobility in the sample grown
using procedure 1 (213.3 cm2/V·s) is greatly improved, by
more than one order, compared to that in the sample grown
using procedure 3 (17.5 cm2/V·s). By using growth proce-
dure 2, we could even obtain a Hall mobility of as high as
275 cm2/V·s. Tanget al.8) reported a very high electron mo-
bility (560 cm2/V·s) in films grown by NH3 MBE using an
AlN buffer layer. However, they did not mention the rea-
son for this remarkable improvement. Recently, CAICISS
results11) have suggested that GaN films with Ga-polarity
could be achieved by adopting NH3 MBE growth. There-
fore, it is supposed that the improved qualities reported by
Tanget al. may be related to the realization of GaN films with
Ga-polarity.

In order to characterize the polarity of our GaN films, the
CAICISS technique, which is one of the most direct methods
to determine the polarity of a polar crystal,10) was applied to
the GaN films grown using the above procedures. Figure 2
gives the CAICISS results of two GaN samples with differ-
ent buffer layers (procedures 1 and 3). The spectra show the
polar-angle-(incident angle of He+ beam with respect to the
normal of the (0001) surface)-dependence of the Ga signal
intensity. Two large peaks around 20◦ and 40◦ are clearly
observed from the sample grown using procedure 1 (solid
line). The sample grown using procedure 2 also exhibited
similar features. On the contrary, for the sample using proce-
dure 3 (dotted line), the CAICISS spectrum illustrates peaks
around 14◦ and 54◦, and a dip between 38–52◦. According
to the simulation results10) based on a three-dimensional two-
atom triple-scattering model, which we have reported, these
incident-angle-dependent features are specific for Ga-polarity
and N-polarity samples, respectively. The results regarding
the film polarity were also confirmed byin situ RHEED ob-

Fig. 1. XRD rocking curve results of GaN films with Ga-face (lower curve)
and N-face (upper curve) polarity.

Table I.

Carrier density (cm−3) Hall mobility (cm2/V·s)

Procedure 1 1.87× 1017 213.3

Procedure 3 3.66× 1017 17.5

Fig. 2. Coaxial impact collision ion scattering spectra (CAICISS) results
showing the lattice polarities of GaN films with Ga-face (solid line) and
N-face (dotted line) polarity.
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