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ABSTRACT

The synthesis of complex nanostructures that combine materials and dimensionality, promises the ability to identify
novel designs and architectures with enhanced properties that could be used in new devices. One of the building blocks
in nanomaterials are nanowires, which offer several possibilities to get complex nanostructures. We present two kinds of
morphologies based on oxide nanowires obtained by a thermal evaporation method. The common feature of both
morphologies is a central oxide nanowire and, depending on the growth parameters, nanowires with either
nanocrystallites or nano/microrods attached to the central wire are obtained. We have previously reported the fabrication
of several single oxide nanowires and in particular, gallium oxide (B-Ga,03) and zinc germanate oxide (Zn,GeOy)
nanowires. Here we report the shape evolution of these nanowires by the suitable modification of the growth parameters.
The addition of tin oxide (SnO,) to the precursors and variation of the thermal treatments duration result in the formation
of the above-mentioned complex nanostructures. Structural and chemical characterizations were performed by electron
microscopy techniques and Raman spectroscopy. The results shed light on the understanding of the driving mechanisms
that lead to the formation of complex oxide nanostructures.

Keywords: semiconducting oxide nanowires, gallium and tin oxide, germanates nanowires, electron microscopy,
thermal evaporation method, Raman spectroscopy

1. INTRODUCTION

From the point of view of novel device technologies, nanowires elements can be considered as one of the main building
blocks in innovative assemblies. The reason is the strong interest in going beyond planar technologies, where thin films
are the main actors, and alternative designs as vertical ones where nanowires play a key role'. Nanowires offer several
possibilities to get complex nanostructures, such as core-shell, branched wires, crossing wires or hierarchical structures,
to name a few?”. Moreover, nanowires could act as scaffolds or substrates for other nanomaterials, such as nanoparticles
or ultrathin layers, what could widen the range of applications. Semiconducting oxide materials are attractive in the field
of optoelectronics because of merging optical transparency and suitable electronic conductivity. In addition, their wide
band gap character enables further applications in the ultraviolet range and in high power devices. Finally, their chemical
stability and good mechanical properties make oxides an attractive choice for a number of applications’. In this work, we
report on complex oxide nanostructures based on Ga,0s3, SnO,, and Zn,GeO,4, which have energy band gaps of 4.9 eV,
3.6 eV and 3.3 eV, respectively.

A variety of synthesis routes to obtain oxide nanowires have been reported, being thermal evaporation method a rather
simple one that enable to grow both undoped and doped materials. We have successfully fabricated several oxide
nanowires by simple evaporation-solidification mechanism*®. The key parameters that control the growth process are the
temperature, the duration, the gas flow and the source materials. Any action over any of these factors may alter the final
product, not only in their physical properties but also in the final morphology or architecture. In particular, suitable
doping and orientation of Ga,O; nanowires have been revealing as the driven mechanism to achieve complex
Ga,03/Sn0, nanostructures’'’. In this paper, we report on the shape evolution of complex nanostructures based on
nanowires by suitable modification of the growth parameters. In particular, we report on heterostructures formed by
Ga,0; and Zn,GeO, nanowires as the main axis, with either modulated diameter or with nanocrystallites attached to the
axis.
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2. EXPERIMENTAL

A pellet of a mixture of Ga,O; and SnO, compacted powders in a weight ratio (90%:10%) was used as substrate where
Ga chips were placed onto it. The pellet was treated for 15 hours at 1500°C under an argon flow of 0.8 1/min and a huge
amount of nanostructures was formed. Alternatively, a small amount of Cr impurities was added to the previous
precursors, which results in changes in the final morphology of the Ga,O3/SnO, nanostructures. On the other hand, we
have previously reported the growth of undoped Zn,GeO, nanowires by using a compacted pellet made of a mixture of
Zn0, Ge and carbon powders with a weight ratio 2:1:2 that acted as source and as substrate®. The thermal treatment was
carried out at 800 °C for 8 hours. In this work, complex Zn,GeO,/SnO, nanostructures were obtained by adding a 10 %
of SnO; to the mixture {ZnO+Ge} and followed the same thermal treatment as in Ref. 6.

The morphology was analyzed in a Leica 440 Steroscan scanning electron microscope (SEM) while spatially resolved
chemical composition was studied in the energy dispersive X-ray microanalysis (EDS) mode. Luminescence was
analyzed both by Cathodoluminescence (CL) in the SEM and by photoluminescence (PL) in an optical confocal
microscope (Horiba Jobin Ybon LabRam HR800). The confocal microscope was equipped with an ultraviolet laser
(A =325 nm) and enables as well to carry out Raman spectroscopy.

3. RESULTS AND DISCUSSION

Complex Ga,05/Sn0O, and Zn,GeO,/SnO, micro- and nanostructures have been grown in a single step thermal treatment,
via a vapor-solid (VS) mechanism. Figure la shows the SEM image and the {Ga + Sn} elemental mapping of a
representative complex oxide nanostructure composed by a main Ga,O; nanowire with attached SnO, particles. The
Ga,0; axis width is around 200 nm and the size of the SnO, particles is about 1 um. It is worth mentioning that Ga,0;
has a monoclinic lattice structure while SnO; is of rutile phase. However, TEM measurements have revealed that a good
lattice matching between both lattices'’. In addition, we have explored the possibility to obtain this kind of morphology
with other semiconducting oxides. Zn,GeO4 nanowires are obtained by using a mixture of ZnO:Ge:carbon in a 2:1:2
weight ratio as source and substrate’. In this case, a 10% of SnO, was incorporated to the mixture. Figure 1b shows that a
similar complex structure with particles around an axis is formed. Figure 1¢ shows the elemental mappings for Zn, Ge
and Sn of a Zn,GeO4 nanowire decorated with SnO, particles, which are doped with Ge and Zn. The SnO, particles show
similar shapes and sizes in both cases with well-defined facets and a limited growth in the direction perpendicular to the
central axis.
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Figure 1. SEM images and elemental mappings of complex nanostructures based on a main oxide nanowire
surrounded by SnO, particles. (a) Ga,0;3/SnO, and (b-¢) Zn,GeO,/SnO, nanostructures.
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Figure 2. Raman characterization of (a) Ga,03/SnO, and (b) Zn,GeO,/SnO, nanostructures.

In order to check the crystal quality of the oxide nanostructures, Raman spectra measurements have been done and
summarized in Figure 2. Raman spectra from axial nanowires show a very good crystal quality in both nanostructures
and characteristic modes of Ga,03 and Zn,GeOQ, are well-defined (upper curves in Figure 2). Raman spectra recorded
from the attached particles are also shown (lower curves in Figure 2). SnO, crystallites on Ga,0; nanowires exhibit better
crystal quality than those on Zn,GeO4 nanowires, which could be due to the Ge and Zn co-doping of the particles. The
520 cm™ peak presented in all Raman spectra corresponds to the silicon substrate.

Sn impurities have been proposed as a way to increase electrical n-type conductivity in some oxides nanowires.
However, this is difficult to achieve because of the impurities out-diffusion during the growth process, which is
sometimes difficult to prevent. Also, the addition of Sn to the source materials have been found to influence as well the
shape of oxide nanowires obtained by thermal evaporation methods, leading to branched nanowires or to nanowires with
higher aspect-ratio“’“. Here, we observe that once the main Ga,0; or Zn,GeO, nanowires are formed, the out-diffused Sn
impurities may be aggregated at some sites of the lateral surface of the NWs and act as nucleation centers for SnO,
particles.

Other impurity of interest in semiconducting oxides is chromium due to the intraionic red luminescence of Cr’* cations.
The quantum yield of red luminescence of Cr increases considerably when impurities are embedded in an oxide
nanowire matrix instead of bulk material'”. In a previous work on Cr doped Ga,0O; nanowires obtained after a two-step
growth process, an intense red luminescence was achieved®. Also, the addition of both Sn and Cr to the precursors and a
thermal treatment in a single step lead to the formation of a considerable amount of crossed Ga,0;/SnO, nanowires”'°.
These structures consist of a main Ga,0; axis where a certain number of crossed SnO, wires are grown. The formation of
SnO, particles or wires around the axis has been discussed as a function of the orientation of the axis NW'’. Here we
present some nanostructures that have a high number of SnO, wires crossing the Ga,O; nanowire, leading to a kind of

“core-shell” morphology with a rather complex shell.

(a)

Figure 3. SEM and elemental mapping of Ga,0; nanowires with different number of SnO, crossing wires.
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Figure 4. (a) SEM and EDX Ga and Sn mappings of complex core-shell Ga,O3/SnO, nanostructures analyzed at
15 kV and 30 kV acceleration voltages. (b) Short-range energy EDX spectra showing the Ga characteristic X-
ray lines recorded at 15 and 30 kV.

Figure 3a shows a structure composed of a central Ga,0j; axis crossed by rather separated SnO, wires, while Figure 3b
shows a more complex morphology. As the EDX mapping shows, Sn appears to cover fully the whole structure and just
a short length of the axis remains uncoated (marked by an arrow in Fig. 3b). Figure 4a shows the EDX mappings for Ga
and Sn of other of these fully coated nanowires at different acceleration voltages of the electron beam. Since the higher
the energy of the electron beam, the larger the penetration depth, the results show that Ga is present at the core axis, as it
can be seen in Fig. 4a (Ga mapping at 30 kV). Figure 4b shows partial EDX spectra of the characteristic K, lines of Ga
for 15, 20 and 30 kV acceleration voltages recorded from the central part of the structure. The penetration range of
energetic electrons into a specimen, which beside the beam energy also depends on the material density and atomic
number, can be simulated with CASINO program'?. For pure Ga,Os, simulations of the electron paths until their
thermalization yield a value of 500 nm for 10 kV and about 2 microns for 25 kV. Now we have to consider as well the
SnO, shell that coats the Ga,O; nanowire. We have carried out simulations by considering a SnO, shell of several
thickness (from 500 nm to 2000 nm) surrounding the Ga,0O; core. The simulated profiles for electrons with energies of
15, 20 and 30 keV impinging a SnO, shell of 750 nm are shown in Figure 5. This depth is what better fits with
experimental EDX results presented above (Fig.4). As it can be observed, electrons with 15 keV test a region less than
750 nm in depth, but electrons with 20 keV energy reach the Ga,O; core, which would agree with the EDX signal
detected in Figure 4b. These results suggest that the thickness of the SnO, coating the Ga,0; axis would be around 750 —
1000 nm.
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Figure 5. Montecarlo simulation (CASINO) electrons paths up until they stop (blue lines) within a sample
composed of a first SnO, layer of 750 nm thickness and Ga,O; below.
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Figure 6. (a) CL spectra of one complex Ga,03/SnO, structure recorded with electrons accelerated with energies
of 15 and 30 keV. (b) Monochromatic CL images at 400 nm (upper image) and at 680 nm (lower image) of one
complex Ga,0;/Sn0O, nanostructure, recorded at 30 keV.

One of the potential attractions of these nanostructures of mixed oxides is that different luminescent behavior is possible
in the same nanostructure. We have carried out Cathodoluminescence (CL) measurements in the SEM, which enables
high spatial resolution. Semiconducting oxides usually exhibit luminescence due to the radiative centers involving
oxygen vacancies. Native defects in Ga,O; originate a luminescence band in the UV-blue region'*"*. On the other hand,
SnO, show a complex luminescence band in the green-orange-red region with several components that is affected by
oxygen vacancies and surface states of the crystal facets'®!”. Figure 6a shows the CL spectra of one of these complex
Ga,05/Sn0; structures (similar to that shown in Fig. 5) recorded with electron beam energies of 15 and 30 keV. The
broad green band around 680 nm, which is characteristic of SnO,, is observed in both cases, while the blue-UV band of
Ga,0; is only detected for 30 keV electron beam energy due to the higher penetration depth of electrons. Figure 6b
shows two monochromatic CL images revealing areas emitting photons of 400 nm and 680 nm wavelengths. These
selected wavelengths correspond to maxima of band emissions in Ga,O; and SnO,, respectively. The images clearly
reveal the spatial distribution of the luminescence centers in the complex structure.

4. CONCLUSIONS

We have successfully grown complex nanostructures based on oxide semiconducting materials, such as Ga,O3, Zn,GeO,
and SnO,, by a rather simple evaporation method. The complex structures consisted of a main oxide nanowire axis, to
which either particles or rods were attached. Zn,GeO, and Ga,O; nanowires are the main axis and particles or rods are
made of SnO,. The quality of the structure was assessed by Raman spectroscopy, which shows the characteristic peaks of
the corresponding lattices. In the case of SnO, rods grown on Ga,O; nanowires, EDX microanalysis maps and CL
measurements show that a core-shell structure is formed at the axis. Montecarlo simulations of the electron paths within
the sample until they lose their energy agrees with a model of a shell of about 750 nm width for the SnO, that coat the
main Ga,0; axis. These results aim to shed some light on the understanding of the driving mechanisms that lead to the
formation of complex oxide nanostructures.
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