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A two-stacked cubic (c-) InN/c-GaN nano-scale dot
structure is fabricated on a MgO(001) substrate by RF-N,
molecular beam epitaxy and its microstructures are inves-
tigated by scanning transmission electron microscopy
(STEM). The cubic lattice structure of InN dots is veri-
fied by STEM observations. It is implied that c-InN dots
formed on a smooth c-GaN surface have the {111} facets.
The c-GaN cap layer has an uneven surface, which re-

1 Introduction Heterostructures based on the
InN/(In)GaN system have significant potential for opto-
electronic devices such as infrared light emitting devices
and multijunction solar cells covering the full range of the
solar spectrum [1, 2]. In particular, InN quantum dot based
heterostructures have attracted much attention for explor-
ing new phenomena and advanced applications [3]. Strain-
induced self-organized growth of nano-scale semiconduc-
tor dots is one of the convenient methods to obtain high
quality quantum dots with high area density [4-7]. We
have recently reported the self-organized growth of nano-
scale dots of cubic zincblende phase InN (c-InN) on cubic
phase GaN (c-GaN) underlayers by RF-N, plasma molecu-
lar beam epitaxy (RF-MBE) [8]. Although the cubic phase
is metastable for the nitrides, they have several advantages
in practical viewpoint compared to nitrides in the hexago-
nal wurtzite phase. For example, their higher crystalline
symmetry of 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 ex-
pected that cubic nitrides have superior electronic proper-
ties such as higher carrier mobilities, higher drift velocities
and better doping efficiencies [9]. Multiple stacking of
quantum dots is an effective way to increase the number of
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flects the shape of the c-InN dots embedded beneath the
cap layer. InN selectively deposits in concave regions on
the c-GaN cap layer, which appear above in-between po-
sitions of embedded dots. Thus, stacked c-InN/c-GaN
dots do not tend to align vertically. These results open the
possibility for multi-stacking structures of c-InN dots and
their application to high-performance optoelectronic de-
vices based on the nitride semiconductors.
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quantum dots in the active region, and thus, is a key struc-
ture for achieving high performance devices. For the fabri-
cation of multiple stacking dot structures, a combination of
the dot capping process by the growth of a barrier material
and overgrowth of quantum dots on the cap layer provides
a basis. Therefore, understanding of the both processes is
important. In this study, we have tried to fabricate a two-
stacked c-InN/c-GaN dot structure by GaN capping proc-
ess of c-InN dots and overgrowth of InN on the GaN cap
layer. Structural characterization of the stacking structure
has been performed by reflection high energy electron dif-
fraction (RHEED), atomic force microscopy (AFM) and
scanning transmission electron microscopy (STEM).

2 Experimental Samples were fabricated by RF-
MBE on MgO(001) substrates. Before deposition, a MgO
substrate was thermally cleaned for 30 minutes at 1100 °C
to obtain an atomically flat surface. Then a 15 nm-thick
low temperature (LT) GaN buffer layer was grown on the
substrate at 550 °C followed by the growth of a c-GaN un-
derlayer with a thickness of 500 nm at 800 °C. After that,
InN was deposited to form nano-scale dots at 490 °C with a
deposition amount of 4.2 nm. The above procedure provi-
des c-InN dots with an area density of 10'°-10"" cm™ [8].
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After the dot formation, a GaN cap layer with a thickness
of 25 nm was deposited on the surface to encapsulate the c-
InN dots while keeping the growth temperature at 490 °C.
Finally, fabrication of a stacked c-InN structure was tried
by depositing InN again on the GaN cap layer at 490 °C
with a deposition amount of 4.2 nm. Surface conditions du-
ring and after each stage of the growth process were obser-
ved by RHEED and AFM, respectively. Cross-sectional
microstructure of the fabricated sample was investigated
by STEM.

(a) (b)

Figure 1 RHEED patterns taken immediately after the deposi-
tion of (a) c-GaN underlayer and (b) second InN.

Figure 2 AFM images of the surface at each growth step. (a) c-
GaN underlayer, (b) first deposited InN, (c) GaN cap layer and
(d) second deposited InN. Scan areas are 1 x 1 pm?>.
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3 Results and discussion Figures 1 (a) and (b) in-
dicate RHEED patterns taken immediately after the deposi-
tion of c-GaN underlayer and second InN, respectively.
The pattern obtained from the c-GaN surface showed long
streaks indicating the smooth surface of the c-GaN under-
layer. The pattern then changed to spots by the following
InN deposition, indicating the dot formation. The spotty
pattern represented the structural features of the zincblende
lattice [10, 11], and was kept throughout the following
processes of the GaN cap growth and second InN deposi-
tion.

Figure 2 shows AFM images taken after each fabrica-
tion step of the stacking structure. The AFM image in Fig.
2(a) with a small root mean square (RMS) roughness of 0.4
nm indicates that an atomically smooth surface of the c-
GaN underlayer is obtained. The formation of nano-scale
dot structures with a high area density of ~9x10'" cm™ by
InN deposition is confirmed from Fig. 2(b). Figure 2(c)
shows the surface of the GaN cap layer. As can be ob-
served in the image, an uneven surface seems to reflect the
shape of the embedded c-InN dots beneath the cap layer.
Figure 2(d) shows the AFM image taken after the second
InN deposition. Although the size uniformity of the second
dots are degraded compared to the first dots, high density
dot structures are observed on the surface.

}c-GaN cap

c-InN dot
c-GaN buffer

30 nm

Figure 3 A HAADF-STEM image of the fabricated sample, tak-
en along the [110] zone axis. A number of embedded c-InN dots
in the GaN cap layer are clearly observed. A magnified view of
an InN dot is indicated at the lower left.

Figure 3 shows a high angle annular dark field
(HAADF) STEM image of the fabricated sample taken
along the [110] zone axis. A number of c-InN dots with
trapezoidal cross-sections embedded in GaN are observed
in the image. The width and height of the embedded dots
are 25-30 nm and 810 nm, respectively. The sharp con-
trast at the interface between the InN dots and GaN cap
layer suggests that no intermixing takes place during the
dot formation and capping processes. The base angles of
the trapezoids are about 55°, which implies that the side
walls of the embedded c-InN dots consist of {111} facets.
Figures 4(a) and (b) show transmission electron diffraction
(TED) patterns taken from an embedded InN dot and the
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GaN cap layer in Fig. 3, respectively. Both of the patterns
represent the features of the zincblende structure [10, 11].
Diffraction spots from c-GaN around the dot are slightly
overlapped to the pattern of the c-InN dot in Fig. 4(a). The
ratio of the lattice constant of the embedded c-InN dot to c-
GaN is estimated from the distance between the diffraction
spot centres and is about 1.1. This value is in agreement
with the ratio of the lattice constants between the bulk
crystals of c-InN and c-GaN. This fact indicates that the c-
InN dots embedded in the c-GaN matrix are almost un-
strained.

(a) (b)

Figure 4 TED patterns taken along [110] zone axis from (a) an
embedded c-InN dot and (b) the c-GaN cap layer in Fig. 3. Dif-
fraction spots from c-GaN around the dot are slightly overlapped
to the pattern of the c-InN dot in (a).

c-InN dot

GaN cap

c-G_aN _ buffer

30 nm

Figure 5 HAADF-STEM image of a stacked structure of InN
dots taken along the [110] zone axis. The upper right image is a
TED pattern taken from an InN dot formed on the surface of the
GaN cap layer.

InN deposited on the c-GaN cap layer is also observed
in Fig. 3. An uneven surface of the c-GaN cap layer re-
flects the shape of the c-InN dots embedded beneath the
cap layer, which is consistent with the RHEED and AFM
observations. That is, convex regions are formed just
above the embedded dots while concave regions are
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formed above in-between positions of the embedded dots.
As can be seen in the STEM image, InN tends to deposit in
the concave regions of the c-GaN cap surface as they are
filled with InN.

Some of InN on the c-GaN cap layer forming dot-like
shape is found in a STEM image at a different region in the
same sample as shown in Fig. 5. Observed TED pattern
from a surface InN dot indicates the zincblende lattice
structure. Therefore, the formation of a c-InN dot on the
GaN cap layer is confirmed. Stacked c-InN/c-GaN dots do
not tend to align vertically, which is different from stack-
ing structures of InAs/GaAs dots with relatively thin spac-
er layers [12]. The shape of the c-InN dots on the cap layer
is considerably different from that of the embedded c-InN
dots suggesting that different growth mechanism governs
the formation of these InN dots.

4 Conclusion A two-stacked c-InN/c-GaN nano-
scale dot structure is fabricated on a MgO(001) substrate
by RF-MBE. STEM and TED observations verify the cu-
bic lattice structure of embedded and stacked InN dots and
the GaN cap layer. It is implied that c-InN dots formed on
a smooth c-GaN surface have the {111} facets. The c-GaN
cap layer has an uneven surface, which reflects the shape
of the c-InN dots embedded beneath the cap layer. InN se-
lectively deposits in concave regions on the c-GaN cap
layer, which is different from conventional stacking struc-
tures of InAs/GaAs dots, and thus, stacked c-InN/c-GaN
dots do not tend to align vertically. These results open the
possibility for multi-stacking structures of c-InN dots and
their application to high-performance optoelectronic de-
vices based on nitride semiconductors.
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