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This paper reports the first successful growth and structural control of cubic InN (c-InN) nano-scale

dots. The samples were grown on MgO (0 0 1) substrates by RF-N2 plasma molecular beam epitaxy

(RF-MBE). Cubic GaN (c-GaN) underlayers with a thickness of 500 nm were grown on the substrates

followed by the growth of a few nm-thick InN under various conditions. The formation of InN dots

aligned along the /1 1 0S directions were confirmed by atomic force microscopy (AFM). X-ray

diffraction (XRD) measurements suggested the cubic zincblende lattice structure of the obtained InN

dots. The area density and size of c-InN dots were well controlled by adjusting the growth conditions

such as the substrate temperature and the In flux, and a very high dot density of 2.2�1011 cm�2 was

successfully obtained at a growth temperature of 470 1C and an In flux of 7.0�10�5 Pa.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Heterostructures based on InN are expected for the use in
optical devices such as high efficiency light emitting devices
targeted for infrared region and multijunction solar cells covering
the full range of the solar spectrum. From the view point of
optical device application, semiconductor nanostructures such as
quantum dots are very important. Strain-induced self-organized
growth of nano-scale dots is one of the convenient methods to
fabricate dots with high area density. There have been several
reports on the self-organized growth of h-InN dots on h-GaN
underlayers [1–3]. However, the growth of c-InN dots has not
been reported to date. Although the most stable phase of InN is
the hexagonal wurtzite structure (h-InN), InN is able to have the
cubic zincblende structure (c-InN) as a metastable phase. Nitrides
with the cubic crystalline structure have several advantages
compared to those with the hexagonal structure in practical view.
Different from hexagonal nitrides, their higher crystalline sym-
metry of the cubic nitrides results in isotropic properties and no
spontaneous polarization induced-electric fields in the direction
parallel to the c-axis. In addition, it is expected that cubic nitrides
have superior electronic properties such as higher carrier mobi-
lities, higher drift velocities and better doping efficiencies [4].
Furthermore, because the band gap energy of c-InN is 0.2 eV
smaller than that of h-InN [5], c-InN extends the feasibility of
band gap engineering based on nitride semiconductors. In this
study, we have tried to grow c-InN dots on c-GaN and this paper
reports on the first successful growth and structural control of
self-organized c-InN dots.
ll rights reserved.
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2. Experimental details

Fig. 1 shows a schematic structure and the growth procedure
of the samples fabricated in this study. The samples were grown
on MgO (0 0 1) substrates by RF-N2 plasma molecular beam
Fig. 1. (a) Sample structure and (b) growth procedure of c-InN dots.
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epitaxy (RF-MBE). First, the surface of MgO substrates was
thermally cleaned for 30 min at 1100 1C. Then 15 nm-thick low
temperature (LT)-GaN buffer layers were grown on the substrates
at 550 1C followed by the growth of cubic GaN (c-GaN) under-
layers with a thickness of 500 nm at 800 1C. For the GaN growth,
Ga flux was fixed at 9.0�10�5 Pa. After that, InN was deposited
to form dots under various growth conditions of substrate
temperature (470–490 1C), In flux (5.0�10�5 Pa�7.0�10�5 Pa)
and InN deposition amount (1.4–30 nm). During the growth,
the plasma power and the N2 flow rate were fixed at 350 W and
1.6 sccm, respectively.

Reflection high energy electron diffraction (RHEED) was used
to evaluate in-situ growing surface conditions. The structural
Fig. 2. In-situ RHEED images taken (a) before InN deposition (c-GaN surface) and

(b), (c) after InN deposition with the thickness of 1.4 nm and 2.1 nm, respectively.

The arrows in (c) indicates spots due to hexagonal phase inclusion or stacking

faults along the (1 1 1) planes. The incident azimuth of the RHEED beam was

/1 1 0S direction.
properties of fabricated InN dots were investigated by atomic
force microscopy (AFM) and X-ray diffraction (XRD). The
hexagonal phase content in the c-GaN underlayers was estimated
from the relative XRD intensities of the cubic (0 0 2) and
hexagonal (10–11) planes measured by o-scan [6,7] and the
value was less than 1% for all the samples.
Fig. 3. AFM images of (a) before InN deposition (c-GaN surface) and (b), (c) after

InN deposition with the thickness of 1.4 nm and 2.1 nm, respectively.
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3. Results and discussion

3.1. Formation and structural evaluation of cubic InN dots

Fig. 2(a) shows a RHEED pattern taken just after the c-GaN
deposition. Fig. 2(b) and (c) show those taken after the InN
growth with the equivalent InN deposition thickness of 1.4 nm
Fig. 4. AFM images of a cross section of c-InN dots.
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Fig. 5. (a) AFM image and (b) y–2y XRD pattern of InN d
and 2.1 nm, respectively. The incident azimuth of the RHEED
beam was /1 1 0S direction. The substrate temperature and the
In flux during the InN growth were 490 1C and 5.0�10�5 Pa,
respectively. Fig. 3(a)–(c) show AFM images (1 mm�1 mm) of the
sample surfaces which correspond to the RHEED patterns in
Fig. 2(a)–(c), respectively.

The streak RHEED pattern in Fig. 2(a) and the AFM image in
Fig. 3(a) in which clear step edges along the /1 1 0S directions
are found with a small root mean square (RMS) roughness of
0.41 nm indicate that an atomically smooth surface of the c-GaN
underlayer is obtained. The RHEED pattern gradually changed
from streaks to a spot pattern with increasing InN deposition
amount as shown in Fig. 2(b) and (c). The RHEED spots appeared a
little inside the streak lines originate from the c-GaN surface as
can be seen in Fig. 2(b). This indicates that the three-dimensional
growth of strain released InN took place. The spot pattern
represents the structural features of zincblende lattice [8,9]. After
the InN deposition with the thickness of 2.1 nm, relatively weak
diffraction spots implying the hexagonal phase inclusion or
stacking faults along the (1 1 1) planes [8,10] were also observed
in the RHEED pattern at the positions indicated by arrows in
Fig. 2(c). However, XRD measurements suggested that the cubic
phase is dominant in the deposited InN as indicated later in this
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ots grown with the InN deposition amount of 30 nm.



Fig. 6. AFM images of c-InN dots grown under various conditions. (d) is a magnified image of (c). The growth conditions of these dots are summarized in Table 1.

Table 1
The growth conditions of c-InN dots in Fig. 6(a)–(d).

Growth

conditions

Growth

temperature [1C]

In flux

[�10�5 Pa]

Deposition thickness

of InN [nm]

Average

height [nm]

Average

diameter [nm]

Area density

[cm�2]

AFM

image

1 490 5.0 2.1 7.49 50.8 2.4�1010 Fig. 6(a)

2 480 7.0 5.8 9.86 36.9 5.0�1010 Fig. 6(b)

3 470 7.0 5.8 3.77 27.3 2.2�1011 Fig. 6(c) and (d)
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section. The corresponding AFM images in Fig. 3(b) and (c) show
the formation of dot structures whose density increased with
increasing the InN deposition amount. Therefore, the formation of
InN dots has been confirmed. Furthermore, these dots show a
tendency to align along the /1 1 0S directions. This lateral
ordering tendency can be observed from the early stage of the
dot growth as shown in Fig. 3(b) and possibly originate from the
step edges along the /1 1 0S direction which exist on the surface
of c-GaN underlayers. Fig. 4 is a cross section profile of the surface
at the dotted line indicated in Fig. 3(c), showing the good
uniformity of the dot size and shape. Fig. 5(a) shows an AFM
image of a sample grown with the relatively large InN deposition
amount of 30 nm. Although some of dots start to coalesce and the
size uniformity is degraded, dot structures covering the whole
surface are still observed. Fig. 5(b) shows the XRD y–2y scan
profile for this sample. The peaks observed at 35.81, 39.81 and
42.91 correspond to c-InN (002), c-GaN (002) and MgO (0 0 2),
respectively. The peak at 32.91 is from In (1 0 1) due to In metal
droplets with diameters of 20–30 mm which precipitated on the
surface during the growth or during the cooling process after the
growth. Although In droplets were detected, no clear peak
assigned to h-InN was found in the pattern. Therefore, it is
confirmed that the InN dots take over the crystal structure of
the GaN underlayer and have the cubic lattice structure.

3.2. Control of dot size and density

In order to control the dot size and density, we have investi-
gated the effects of various growth conditions on the c-InN dot
formation. Fig. 6 show AFM images ((a)–(c) 1 mm�1 mm,
(d) 300 nm�300 nm, (d) is a magnified image of (c)) of c-InN
dots which were grown under different growth conditions as
summarized in Table 1.

The area densities of the obtained dots are also described in
the table. Different growth conditions of substrate temperature,
In flux and InN deposition amount resulted in a variety of
different dot size and density. What to be noted here is that the
tendency to align along the /1 1 0S directions is maintained
under any growth condition. Generally, the increase of the
substrate temperature and the decrease of the source flux lead
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to the enhancement of the surface migration of growing species
during MBE process. Thus, the migration length on the growing
surface should be longer in the order of condition 1, condition
2 and condition 3. As can be seen in Fig. 6 and Table 1, the shorter
migration length results in the smaller dot diameter and the
higher dot density. These results mean that the formation of the
c-InN dots is governed by a kinetic growth mechanism. Therefore,
the density and the size of c-InN dots are well controlled by
adjusting the growth conditions such as the growth temperature
and the In flux, and a very high dot density of 2.2�1011 cm�2 has
been successfully obtained at a growth temperature of 470 1C and
In flux of 7.0�10�5 Pa.
4. Conclusion

We have successfully grown c-InN nano-scale dots on c-GaN
underlayers. The samples were grown by RF-N2 MBE on MgO
substrates. Structural investigation by AFM, RHEED and XRD
measurements indicated the formation of c-InN dots which
showed a tendency to align along the /1 1 0S directions. The
density and the size of dots were well controlled by varying the
growth conditions such as the substrate temperature and the In
flux and dots with a very high area density of 2.2�1011 cm�2

were successfully obtained at a growth temperature of 470 1C and
an In flux of 7.0�10�5 Pa.
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