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Abstract

We  report the catalyst-free growth of
InxGai—xAs/InAs coaxial nanorod heterostructures on
large-area graphene layers using molecular beam epi-
taxy and our investigation of the chemical composition
and crystal structure of these heterostructures using
electron microscopy. Cross-sectional electron micros-
copy images showed that InxGai—xAs layers, having uni-
form composition, coated heteroepitaxially the entire
surface of the InAs nanorods, without interfacial layers
or structural defects. The catalyst-free growth mecha-
nism of InAs nanorods on graphene was investigated us-
ing in situ reflection high-energy electron diffraction.

1. Introduction

The use of inorganic semiconductors as an active mate-
rial is desirable for flexible electronic and optoelectronic de-
vice applications, due to the many potential advantages over
organic semiconductors in terms of lifetime and efficiency
[1]. However, continuous, rigid inorganic semiconductor
thin films have no tolerance for mechanical deformation. To
address this issue, direct growth of semiconductor nanorods
on graphene which has high mechanical strength and flexi-
bility was demonstrated recently mainly using metal-organic
chemical vapor deposition (MOCVD) [2-4]. Nevertheless,
molecular beam epitaxy (MBE) can provide accurate control
over the growth parameters for high-quality nanorod hetero-
structures with very clean and sharp interfaces using various
in situ monitoring techniques, such as reflection high elec-
tron energy diffraction (RHEED) [5]. Here, we demonstrate
the growth of high-quality InyGa;xAs/InAs coaxial nanorod
heterostructures on graphene layers using MBE, with a clean
interface. Both transmission electron microscopy (TEM) and
in situ RHEED were used to investigate the structural prop-
erties and growth mechanism of the nanorod heterostruc-
tures.

2. Results & Discussions

In this study, we used a two-step MBE process: (i) high-
temperature synthesis of ultrafine-core InAs nanorods, and
(i) subsequent low-temperature coating of InyGa;xAs shell
layers on the InAs core nanorods for fabrication of
InyGa;-xAs/InAs coaxial nanorod heterostructures on gra-
phene layers. The surface morphologies of InAs nanorods
and InyGa; xAs/InAs coaxial nanorod heterostructures

grown on CVD graphene layers were investigated using
scanning electron microscopy (SEM). The mean diameter,
height, and density of the InAs nanorods were 70 nm, 10 pum,
and 5x10% cm2, respectively. Meanwhile, Figure 1 shows a
tilted SEM image of InyGa,xAs/InAs coaxial nanorod heter-
ostructures on CVD graphene layers. After coaxial coating
of the InyGa;—xAs shell layer, the mean diameter of nanorods
increased to 110 nm, indicating that the average thickness
and growth rate of the InyGa; xAs shell layer was 20 nm and
0.06 A s7', respectively. Non-tapered morphology was also
observed, indicating that the thickness of the In«Ga;xAs

shell layer was uniform over the entire surface.
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Fig. 1 SEM tilted images of InxGai—xAs/InAs coaxial nanorod het-
erostructures grown on CVD graphene layers.

MBE-grown InAs nanorods on CVD graphene layers
was monitored in Situ in the initial growth stage using
RHEED. Before the nanorod growth, as shown in Fig. 2(a),
a streaky RHEED pattern was observed from CVD graphene
layers transferred onto a SiO,/Si substrate. The streaky
RHEED patterns of CVD graphene layers remained un-
changed, regardless of the azimuthal rotation angles,
strongly suggests that the hexagonal graphitic layers were
aligned in the (001) direction and the in-plane orientations of
each grain were random. When the nanorod growth was ini-
tiated (t = 0), the streaky RHEED pattern of CVD graphene
layers (Fig. 2(a)) was changed to bright Bragg spots corre-
sponding to InAs nanorods (Fig. 2(b)) within a few seconds
of In shutter opening. The appearance of these spots indi-
cated an abrupt change from two-dimensional (2-D) RHEED
patterns to three-dimensional (3-D) Bragg diffraction pat-
terns [5].

Additionally, the lattice parameters of the CVD graphene
layers and InAs nanorods were estimated by comparing the
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spacing between the RHEED patterns, as indicated in Figs.
2(a) and (b). The d,o interplanar spacing of CVD graphene
layers and wurtzite InAs nanorods were 2.1 and 3.7 A, re-
spectively, which agree with previously reported values [6].
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Fig. 2 RHEED patterns during InxGai-xAs/InAs coaxial nanorod
heterostructure growth on CVD graphene layers. RHEED patterns
of (a) CVD graphene layers transferred onto SiO2/Si substrates and
(b) InAs nanorods grown on CVD graphene layers/SiO2/Si.

The structural characteristics of InyGa;—xAs/InAs coaxial na-
norod heterostructures were investigated using TEM. As in-
dicated in the schematic diagram, cross-sectional TEM sam-
ples were prepared using FIB. Figure 3(a) shows a cross-sec-
tional BF image of InyGa;-xAs/InAs nanorods, exposing the
(0001) surface. Since the interface between the InyGa;—xAs
and InAs layers was indistinguishable in the BF image with-
out performing chemical analysis, the interface between the
In,Ga,—4As shell layer and InAs nanorod core is indicated by
dotted hexagonal lines in the figure by comparing STEM im-
age and STEM-EDS mapping results. Both the InyGa;xAs
shell layer and the InAs core exhibited well-developed
{1120} facets, as opposed to {1010} facets, verified exclu-
sively by the fast Fourier transform (FFT) pattern in the inset
of Fig. 3(a). This single type of facets were identically ob-
served for ten randomly selected nanorods. Previous TEM
studies showed that both {1010} and {1120} side facets
were present in the InAs nanorod system [7]. However, for-
mations of the only {1120} facets for InGa;—xAs shell layer
and InAs core may be associated with a smaller surface en-
ergy for the {1120} side facet than that of the {1010} side
facet in the InAs nanorod. The epitaxial relationship and
atomic structure of InyGa;-xAs/InAs coaxial nanorod hetero-
structures were investigated using HR-TEM [8]. Figure 3(b)
shows a HR-TEM image of the region marked with a rectan-
gular box in Fig. 3(a). Significant edge dislocations were not
observed at the interface between InAs and InyGa;—As lay-
ers.
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Fig. 3 Microstructure of InxGai-xAs/InAs coaxial nanorod hetero-
structures on CVD graphene layers. (a) BF-TEM and (b) HR-TEM
images of InxGai-xAs/InAs coaxial nanorod heterostructures. The
inset diffraction patterns in Fig. 3(a) are obtained via FFT of the

HR-TEM images in Fig. 3(b).

3. Conclusions

In conclusion, vertically well-aligned, high-quality
InyGa;-xAs/InAs coaxial nanorod heterostructures were
grown on CVD graphene layers using MBE. From in situ
RHEED observation, we confirmed that the InAs nanorods
grew on CVD graphene layers in a catalyst-free mode. The
formation of InyGa;—xAs/InAs coaxial nanorod heterostruc-
tures was confirmed by STEM and EDS analysis, which
showed a clearly defined InAs core and InyGa; xAs shell
layer with uniform composition and thickness. In addition,
cross-sectional HR-TEM images demonstrated a clean inter-
face between InyGa; xAs and InAs. Our work would provide
a novel and straightforward pathway for a monolithic inte-
gration of semiconductor coaxial nanorod heterostructures
on two-dimensional layered materials, which is a key factor
to exploit it for flexible electronics and optoelectronics.
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