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GaN films with Ga-polarity on (0001) sapphire substrates grown by plasma-assisted molecular beam epitaxy were investigated.
The optimization of the growth conditions was performed referring to reflection high-energy electron diffraction reconstruction
patterns during the cooling processes. Three kinds of surface reconstruction patterns, named (5× 5), (1× 2) and (2× 2), were
observed during the cooling processes. Structural, optical and electrical properties of the GaN films, identified by different
reconstruction patterns, were characterized to determine the optimal growth conditions. It was found that high-quality films can
be obtained when the films show the (1×2) pattern. Under this condition, we obtained an electron mobility at room temperature
of as high as 567 cm2/Vs without using a GaN template.
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Wide band-gap GaN and related III-nitride materials have
attracted much attention due to their potential application in
optical and electronic devices.1–3) Recently, control of the lat-
tice polarity in III-nitride films has become a favored topic
due to its significant influence on the optical and electrical
properties of the films.4) It is widely believed that Ga-polarity
films are usually obtained by metalorganic chemical vapor de-
position (MOCVD), which is known to be the most suitable
technique for III-nitride growth at present. On the contrary,
the lattice orientation of a sample grown by conventional
molecular beam epitaxy (MBE) is assumed to be mainly
N-polarity, resulting in poor qualities compared with those
of the MOCVD-grown samples, particularly with regard to
the electrical properties. Recently, we showed that GaN films
with Ga-polarity should be grown to obtain high film qual-
ity in the MBE growth.5) Compared with the N-polarity film
with hexagonal grain features, the Ga-polarity film shows a
flat and uniform morphology.4) However, it is clear that the
growth conditions, such as the surface V/III ratio among oth-
ers, greatly influence the film quality, even if GaN films with
Ga-polarity are grown. Therefore, it is necessary to have a
reference method to reflect the surface conditions during the
growth. However, there are few reports giving detailed infor-
mation on this topic.6) One of the possible reasons is that it
is too difficult to determine the effective surface conditions,
such as the surface V/III ratio, because the effective surface
V/III ratio during the growth could be changed by not only
the supplied fluxes of V and III groups but also the growth
temperature.

In the MBE growth technique, reflection high-energy elec-
tron diffraction (RHEED) is a powerful tool for monitoring
the growth and the surface conditions. For the III-nitride
growth, a number of groups have reported their RHEED ob-
servation results during and after the growth.6–10) A system-
atic study of the RHEED reconstruction structures of the GaN
surface was reported by Smithet al.6) In their study, many
kinds of RHEED patterns were observed for the Ga-polarity
GaN surface. They revealed the relationship between the sur-
face V/III ratio conditions and the RHEED patterns after cool-
ing of the samples. However, they did not report the study of
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film qualities by referring to different RHEED patterns, which
is the main purpose of this study.

In this study, we investigated the properties of GaN films
with Ga-polarity grown by plasma-assisted MBE (rf-MBE).
RHEED reconstruction patterns during the cooling processes
were used to monitor the growth conditions for optimization.
Film qualities were characterized by X-ray diffraction (XRD)
rocking curves, low-temperature photoluminescence (4.2 K,
PL) and room temperature (RT) Hall-effect measurements.

The GaN films with Ga-polarity were prepared on sapphire
(0001) substrates by rf-MBE using a high-temperature (HT)
AlN buffer layer.5) The lattice polarity was characterized and
confirmed by RHEED, wet chemical etching and coaxial im-
pact collision ion scattering spectroscopy (CAICISS).10) The
growth processes and conditions are as follows. Before de-
positing buffer layers, the substrates were exposed to a N2-
plasma flux for nitridation at 700◦C for 5 min. After that,
HT AlN buffer layers were grown. Then, Si-doped GaN
films were grown on the buffer layers at various doping levels
from 7.0 × 1016 to 2.0 × 1018 cm−3, which were measured
by the Hall effect method. During the growth of the GaN
films, the N2-plasma power was 350 W and the N2 flow rate
varied from 3.0 to 5.0 sccm, while the Ga flux was fixed at
about 1.0 × 10−6 Torr as measured by a flux monitor. The
growth temperature was in the range from 700 to 740◦C and
the growth rate was about 0.6µm/h. The total thickness of
the GaN film was varied from 1.2 to 2.0µm. In situ RHEED
observations were carried out throughout the growth and the
cooling processes without nitrogen flux.

It is well known that if the growth is carried out under
a N-rich condition in rf-MBE, the grown surface is rough
as a result of from three-dimensional growth.11) Therefore,
we removed this growth region in our study and focused on
the growth conditions for the two-dimensional growth region,
where the RHEED patterns obtained during the growth were
streaky. Table I summarizes the results of the RHEED pat-
terns obtained during the growth and the cooling processes,
together with the degree of Ga-droplet density on the surface
observed after the growth. It is clear that only a (1× 1) pat-
tern was observed during the growth, regardless of the droplet
condition. On the other hand, during the cooling process after
the growth, different reconstruction patterns, named (5× 5),
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Table I. Relationships between the RHEED patterns and the Ga-droplet sit-
uation.

RHEED during growth 1× 1 1× 1 1× 1

(700◦C)

RHEED after growth 5× 5 1× 2 2× 2

(300◦C)

Ga-droplet situation Large size with Small size with no

high density very low density

Fig. 1. Full-width at half maximum (FWHM) values of the GaN (0002)
peak with different RHEED reconstruction patterns by XRD rocking curve
measurements.

(1 × 2) and (2× 2), were observed below 400◦C. By charac-
terizing the Ga-droplet condition on the GaN surface, it could
be concluded that the (5× 5) pattern indicated a much more
Ga-rich surface condition during the growth than the (2× 2)
pattern did. On the other hand, the (1× 2) pattern illus-
trated the surface V/III condition between them. The results
agree well with those reported by Smithet al.6) It is believed
that the different Ga concentrations on the surface during the
growth result in the different observed RHEED reconstruc-
tions.6) Therefore, it is possible to optimize the surface con-
ditions during the growth by referring to the reconstruction
patterns of RHEED after the growth.

Figure 1 illustrates the full-width at half maximum
(FWHM) values of (0002) XRD rocking curve measure-
ments for GaN samples with different RHEED patterns. It
is clear that samples with the (1× 2) pattern give the nar-
rowest FWHM values, while samples with other RHEED
patterns show wider FWHM values. This means that the
structural property depends strongly on the growth conditions
even though the lattice-polarity of the films is Ga polarity.
In other words, the RHEED reconstruction patterns can be
used to determine the optimized growth conditions to obtain
high-quality films. The PL and Hall-effect measurements de-
scribed below also support this conclusion.

Low-temperature (LT) PL experiments at 4.2 K were car-
ried out. Three samples with (5× 5), (1 × 2) and (2× 2)
RHEED patterns, respectively, were measured as shown in
Fig. 2. All samples exhibited good optical properties. How-
ever, careful analysis revealed some differences among these

Fig. 2. Low-temperature PL spectra at 4.2 K of three GaN samples with
(5 × 5), (1× 2) and (2× 2) RHEED reconstruction patterns, respectively.

samples. First, the FWHM values of the band-edge emis-
sion peak were different. As indicated in Fig. 2, a FWHM
as narrow as 8 meV was obtained from the sample showing
a (1× 2) RHEED pattern. The other two samples showing
(5 × 5) and (2× 2) RHEED patterns gave FWHM values
of more than 10 meV. Second, a weak donor-acceptor pair
(DAP) and yellow-band (YB) emission peaks were observed
from the (5× 5) sample, and a defect-related peak was ob-
served at about 363 nm from the (2× 2) sample.12,13) Only
the (1× 2) sample showed a single-peak PL spectrum indi-
cating superior optical properties to the (5× 5) and (2× 2)
samples.

From the PL results, it is clear that (1× 2) samples showed
the best optical property from the viewpoints of both the spec-
tral shape and the FWHM value as shown in Fig. 2. It has been
reported that the Ga-vacancy constitutes an acceptor.14,15)

Furthermore, the Ga-vacancy has also been believed to cause
yellow luminescence in GaN.16) Based on this assumption, it
appears that more Ga-vacancies were formed under the (5×5)
reconstruction structure, although the surface diffusion of Ga
adatoms was enhanced by the Ga-rich condition. We assumed
that the formation of the Ga-vacancy mainly occurred around
the Ga-droplet region. We confirmed the formation of grain
structures under Ga droplets by the removal of the droplets
using an HCl solution. Recent cathodoluminescence results
illustrated that YB luminescence appears to originate from
extended defects inside the grains.17) On the other hand, the
surface diffusion of Ga adatoms is assumed to be less under
(2×2) surface conditions than under the (5×5) conditions, re-
sulting in the easy formation of crystal imperfections for the
363 nm PL emission. Therefore, a balance between surface
diffusion and droplet formation becomes very important for
high-quality GaN film growth. In fact, the effective surface
V/III ratio conditions during the growth identified by (1× 2)
RHEED patterns was between those of the (5× 5) and the
(2 × 2) patterns, resulting in the optimal optical property.

The RT electron mobility of GaN films with different



Jpn. J. Appl. Phys. Vol. 40 (2001) Pt. 2, No. 1A/B X.-Q. SHEN et al. L 25

Fig. 3. RT electron mobility values of GaN films with different RHEED
reconstruction patterns measured by the Hall-effect method.

RHEED patterns measured by the Hall-effect method is
shown in Fig. 3. It can be seen that electron mobility of GaN
films also depends strongly on the reconstruction situation,
indicating that the optimization of the growth conditions can
be actually performed by referring to the reconstruction pat-
terns. The (1× 2) samples show better mobility values than
the (5× 5) and (2× 2) samples, which agree well with the
results by of XRD and PL measurements. The best value ob-
tained by us was 567 cm2/Vs with a carrier concentration of
1.1 × 1017 cm−3 from a 2.0-µm-thick GaN film. The variety
of mobility values in Fig. 3 for the (1× 2) samples is consid-
ered to be due to the different growth temperatures and doping
concentrations.18)

To summarize, we investigated the properties of the GaN
films with Ga-polarity, grown by rf-MBE on (0001) sapphire
substrates. It was found that the RHEED reconstruction pat-
terns obtained during the cooling processes after the growth
can be used as a reference to monitor the growth conditions

for optimization. Three kinds of surface reconstruction pat-
terns, named (5× 5), (1× 2) and (2× 2), were observed dur-
ing the cooling processes. Among them, the (1× 2) RHEED
pattern was demonstrated to be a suitable reference for high-
quality GaN growth, characterized by XRD rocking curves,
LT PL and RT Hall-effect measurements. Under this condi-
tion, a RT electron mobility of GaN of as high as 567 cm2/Vs
was achieved without using the GaN template.
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