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High-quality InGaN films were successfully grown on a Ga-polarity GaN underlayer by plasma-assisted molecular-beam
epitaxy (rf-MBE) with good reproducibility. X-ray diffraction (XRD) results showed that there was no phase separation of In
with the In mole fraction up to 0.36. Intense photoluminescence emissions from the InGaN films were obtained. Clear evidence
was obtained for the difference in the quality between InGaN films grown on the Ga-polarity and those grown on N-polarity
GaN buffer layers, in which the Ga-polarity GaN buffer is preferred. Our results provide a basis for fabricating high-quality
InGaN/(Al, Ga)N heterostructures for optical and electronic device applications by rf-MBE.
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Wide-band-gap GaN and related III-nitride materials have
attracted a great deal of attention due to their potential ap-
plications in optical and electronic devices.1–3) In particu-
lar, InGaN-based blue-green light-emitting diodes (LEDs)
and laser diodes (LDs) have been commercialized.4) Several
papers on InGaN films and InGaN/(Al, Ga)N quantum well
structures grown by metalorganic chemical vapor deposition
(MOCVD) have been reported.5–7) However, there are lim-
ited reports on the InGaN growth by molecular-beam epitaxy
(MBE),8–10) particularly by plasma-assisted MBE (rf-MBE).
The reason for the difficult growth of high-quality InGaN
films by MBE is still unknown. Recently, lattice polarity
in III-nitride films has become an important topic due to its
great influence on the optical and electrical properties of the
films.11,12)We have proposed that high-quality GaN films are
obtained by rf-MBE, if the growth is carried out under the
Ga-polarity mode.13,14) Based on this point of view, we ex-
pect that the growth of high-quality InGaN films with good
structural and optical properties is possible on a Ga-polarity
GaN underlayer. If this is true, it will enable the fabrication
of high-quality InGaN-based heterostructures for optical and
electronic device applications by rf-MBE.

In this paper, we report on the growth and characterization
of InGaN films on Ga-polarity GaN buffer layers by rf-MBE,
where Ga-polarity GaN buffer layers are also grown on sap-
phire (0001) substrates by rf-MBE. X-ray diffraction (XRD)
and photoluminescence (PL) were used to characterize the
quality of the grown InGaN films.

GaN films with Ga-polarity were prepared on sapphire
(0001) substrates by rf-MBE using a high-temperature (HT)
AlN buffer layer. Details of the lattice-polarity control and
the characterization of the GaN films have been published
elsewhere.15) After the growth of the HT AlN buffer layer
and 0.7-µm-thick GaN film at 700◦C, the growth tempera-
ture was reduced for the growth of InGaN films. The growth
temperatures for the InGaN growth in this study were set at
560 and 610◦C. During the growth, the N2-plasma power was
370 W. The N2 flow rates were 5.0 sccm for the GaN growth
and 4.5 sccm for the InGaN growth. In the GaN growth, the
Ga flux was fixed at approximately 1.0× 10−6 Torr with the

Fig. 1. The XRD spectra of InGaN films grown on Ga-polarity GaN buffer
layers. The In mole fraction is from∼0.01 to 0.36.

growth rate of 0.6µm/hr. In the InGaN growth, the Ga flux
was decreased to approximately 5.0 × 10−7 Torr and the In
flux was changed from 1.8 to 5.4 × 10−7 Torr for different
samples. The total thickness of the InGaN film was approx-
imately 0.36µm. For comparison, InGaN films were also
grown on N-polarity GaN films.

Figure 1 illustrates the XRD results of InGaN films grown
on the Ga-polarity GaN. It is clear that well-resolved InGaN
peaks are observed together with the GaN ones. We con-
firmed by XRD reciprocal space mapping measurements that
the InGaN films are completely relaxed from the GaN films
underneath. The In mole fractions of the InGaN films were
calculated assuming that Vegard’s law is valid. The calcu-
lated values for the In mole fraction of the InGaN films varied
from 0.01 to 0.36. The values of full width at half maximum
(FWHM) for (0002) InGaN diffraction peaks were below
10 arcmin. The narrowest one was 2.88 arcmin (x = 0.08)
and the widest one was 9.6 arcmin (x = 0.36). These results
are comparable to those grown by MOCVD.16) Furthermore,
no phase separation of In was observed in our XRD measure-
ments for the In mole fraction up to 0.36. The XRD results
indicate that structurally high-quality InGaN films were ob-
tained by growing InGaN on Ga-polarity GaN films. In the
case of the InGaN grown on N-polarity GaN, we also con-
firmed the formation of InGaN with the In mole fraction of
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0.11. However, the FWHM for (0002) InGaN diffraction
peaks was 24 arcmin.

It is known that the In mole fraction can be controlled by
changing the growth temperature and the source flux.17,18)

We succeeded in controlling the In composition by chang-
ing these two parameters. The results are shown in Fig. 2.
It is clear that the In composition of the InGaN films is
proportional to the ratio of the In flux to the total fluxes
(fluxGa+FluxIn) linearly at 560◦C, while In compositions de-
crease at 610◦C with the same In flux. The difference in the
In compositions between the two growth temperatures is at-
tributed to the different sticking coefficient of In on the grown
surface. The higher the growth temperature, the lower the
sticking coefficient of In. This agrees with the results reported
by other groups.16–18)Our results demonstrate that the In com-
position of the InGaN films grown on the Ga-polarity GaN by
rf-MBE can be controlled with good reproducibility.

The In composition of InGaN films from 0 to 1 has been re-
alized.18) However, optical properties, such as PL were poor
for the InGaN films with an In composition of more than
0.3.16) In the case of MBE-grown InGaN films, PL emis-

sion was obtained only for those with an In composition of
less than 0.29.9,10) This is attributed to the poor-quality of the
InGaN films with high In mole fractions. In our case, we ob-
tained intense PL emissions from all of our InGaN films, even
from those with the In mole fraction of 0.36. Figure 3 illus-
trates the PL results using a He–Cd laser (325 nm with 30 mW
output) of a In0.08Ga0.92N sample at room temperature (RT)
and 4.2 K. The peak intensities were normalized in the graph.
Good optical properties are achieved. The FWHM values of
the PL peak are 20 nm (128 meV) and 16.8 nm (110 meV) at
RT and 4.2 K, respectively. The PL linewidth of our sam-
ple is comparable to the result (126 meV in FWHM at the
same wavelength range) reported by Nakamuraet al.,16) indi-
cating the good optical property of our InGaN films. Further-
more, the peak wavelength at 4.2 K shows 3.4 nm blue shift
compared with that at RT, and the peak intensity at 4.2 K is
about 100 times stronger than that at RT. The PL peak wave-
length of the sample is similar to those reported by Takeuchi
et al.,19) however, it shows redshift compared with that re-
ported by Nakamuraet al.16) The difference is attributed to
the different estimated In compositions. The well-used XRD
measurements can yield different In compositions depending
on whether InGaN films on the GaN are strained or relaxed,
where In compositions are overestimated from the strained
InGaN films.20,21) Our relaxed InGaN films mentioned pre-
viously gave similar PL emissions as those previously re-
ported,19–21) when the strain effect on the In composition de-
termination was taken into account. We also investigated the
InGaN films grown on the N-polarity GaN, however, no PL
emission was observed even at a low temperature. This indi-
cates that the optical qualities of InGaN films are completely
different between the two lattice-polarity cases.

The above results demonstrate that high-quality InGaN
films with the In mole fraction up to 0.36 are grown on the
Ga-polarity GaN by rf-MBE with good reproducibility. No
phase separation was observed by XRD measurements. Here,
we emphasized that the Ga-polarity GaN film is necessary
as an underlayer for the MBE growth of high-quality InGaN
films. In the case of the N-polarity GaN as an underlayer, the
formation of InGaN films was confirmed by XRD measure-
ments, however, a large FWHM value for the XRD peak and
no PL emission indicate the poor-quality of the InGaN films.
It is well accepted that the lattice polarity of GaN grown by
MOCVD is mainly Ga-polarity, while the GaN films grown
by conventional MBE always exhibit N-polarity or a mixture
of polarities.11) Therefore, it can be understood from the re-
sults why it has been much more difficult to grow high-quality
InGaN films by MBE than by MOCVD. We believe that a
much more stable surface and high-quality Ga-polarity GaN
films as underlayers cause22) a stable and uniform InGaN
growth.

In summary, high-quality InGaN films were grown on the
Ga-polarity GaN by rf-MBE. XRD measurements showed
that there was no phase separation of In with the In composi-
tion up to 0.36. Intense PL emissions from the InGaN films
were obtained. Furthermore, it was demonstrated that InGaN
films grown by rf-MBE on the Ga-polarity GaN were well
reproducible. As a comparison, InGaN films grown on the
N-polarity GaN show large FWHM values for XRD peaks
and no PL emissions were observed. Our results provide
the basis for fabricating high-quality InGaN/(Al, Ga)N het-

Fig. 2. The dependence of the In mole fraction in InGaN films on the In
flux and growth temperature.

Fig. 3. Room temperature and 4.2 K PL spectra of an In0.08Ga0.92N sam-
ple.
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erostructures for optical and electronic device applications by
rf-MBE.

1) S. Strite and H. Morkoc: J. Vac. Sci. & Technol. B10 (1992) 1237.
2) S. Nakamura, M. Senoh, N. Iwasa, S. Nagahama, T. Yamada and T.

Mukai: Jpn. J. Appl. Phys.34 (1995) L1332.
3) S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.

Matsushita, Y. Sugimoto and H. Kiyoku: Appl. Phys. Lett.70 (1997)
2753.

4) S. Nakamura and G. Fasol:The Blue Laser Diode(Springer, Berlin,
1997).

5) N. Yoshimoto, T. Matsuoka, T. Sasaki and A. Katsui: Appl. Phys. Lett.
59 (1991) 2251.

6) M. Koike, S. Yamasaki, S. nagai, N. Koide, S. Asami, H. Amano and I.
Akasaki: Appl. Phys. Lett.68 (1996) 1403.

7) S. F. LeBoeuf, M. E. Aumer and S. M. Bedair: Appl. Phys. Lett.77
(2000) 97.

8) R. Singh, D. Doppalapudi, T. D. Moustakas and L. T. Romano: Appl.
Phys. Lett.70 (1997) 1089.

9) S. Yoshida: J. Appl. Phys.81 (1997) 7966.
10) N. Grandjean, J. Massies, M. Leroux and P. D. Mierry: Appl. Phys. Lett.

72 (1998) 3190.
11) E. S. Hellman: MRS Internet J. Nitride Semicond. Res.3 (1998) 11.
12) F. A. Ponce, D. P. Bour, W. T. Young, M. Saunders and J. W. Steeds:

Appl. Phys. Lett.69 (1996) 337.
13) X. Q. Shen, T. Ide, S. H. Cho, M. Shimizu, S. Hara, H. Okumura, S.

Sonoda and S. Shimizu: Jpn. J. Appl. Phys.39 (2000) L16.
14) X. Q. Shen, T. Ide, S. H. Cho, M. Shimizu, S. Hara and H. Okumura: to

be published in MRS Internet J. Nitride Semicond. Res. (2000).
15) X. Q. Shen, T. Ide, S. H. Cho, M. Shimizu, S. Hara, H. Okumura, S.

Sonoda and S. Shimizu: J. Cryst. Growth218(2000) 115.
16) S. Nakamura: Microelectron. J.25 (1994) 651.
17) N. Grandjean and J. Massies: Appl. Phys. Lett.72 (1998) 1078.
18) C. Adelmann, R. Langer, G. Feuillet and B. Daudin: Appl. Phys. Lett.

75 (1999) 3518.
19) T. Takeuchi, H. Takeuchi, S. Sota, H. Sakai, H. Amano and I. Akasaki:

Jpn. J. Appl. Phys.36 (1997) L177.
20) M. D. McCluskey, C. G. Van de Walle, C. P. Master, L. T. Romano and

N. M. Johnson: Appl. Phys. Lett.72 (1998) 2725.
21) C. Wetzel, T. Takeuchi, S. Yamaguchi, H. Katoh, H. Amano and I.

Akasaki: Appl. Phys. Lett.73 (1998) 1994.
22) X. Q. Shen, T. Ide, M. Shimizu, S. Hara and H. Okumura: to be pub-

lished in Appl. Phys. Lett.


