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ABSTRACT. Tailoring the shape of complex nanostructures requires control of the growth
process. In this work, we report on the selective growth of nanostructured tin oxide on gallium
oxide nanowires leading to the formation of SnO»/Ga;0O3; complex nanostructures. GaOs
nanowires decorated with either crossing SnO2 nanowires or SnO; particles have been obtained in
a single step treatment, by thermal evaporation. The reason for this dual behavior is related to the
growth direction of trunk Ga;O3; nanowires. Ga;O3 nanowires grown along the [001] direction
favor the formation of crossing SnO> nanowires. Alternatively, SnO; forms rhombohedral particles

on [110] Ga;03 nanowires leading to skewer-like structures. These complex oxide structures were



grown by a catalyst-free vapor-solid process. When pure Ga and tin oxide were used as source
materials and compacted powders of Ga>O3 acted as substrates, [110] Ga2O3 nanowires grow
preferentially. High-resolution transmission electron microscopy analysis reveals epitaxial
relationship lattice matching between the Ga>O; axis and SnO; particles, forming skewer-like
structures. The addition of chromium oxide to the source materials modifies the growth direction
of the trunk Ga;O3 nanowires, growing along the [001], with crossing SnO> wires. The
Sn0,/Gaz0; junctions does not meet the lattice matching condition, forming a grain boundary. The
electronic and optical properties have been studied by XPS and CL with high spatial resolution,
enabling us to get both local chemical and electronic information of the surface in both type of
structures. The results will allow tuning optical and electronic properties of oxide complex
nanostructures locally as a function of the orientation. In particular, we report a dependence of the
visible CL emission of SnO: on its particular shape. Orange emission dominates in SnO>/Ga>03
crossing wires while green-blue emission is observed in SnO; particles attached to Ga,0O3 trunks.
The results show that the GaxO3-SnO> system appears to be a benchmark for shape engineering to

get architectures involving nanowires via the control of the growth direction of the nanowires.

TEXT

Advances in smart nanostructured materials require a deep understanding of the growth
mechanisms to develop novel designs and architectures. Engineering new architectures will enable
the combination of zero-, one- and two-dimensional systems enhancing the functionalities in
comparison with their single counterparts (quantum dots, nanowires or nanosheets)'. Some
physical properties, such as optical and transport properties, could be strongly dependent on the

morphology of nanomaterials, hence nanomaterials with mixed dimensionality could offer extra



applications. For example, light emission in nanowires may be affected if nanowires are assembled
with quantum dots in the same nanostructure’. Beside dimensionality, we can even broaden out
the tailoring capabilities of nanostructured materials by mixing several chemical elements or
compounds. For instance, 1D-TiO2/2D-ZnIn2S4 nanostructures with improved photocatalytic
properties have been very recently reported’. Semiconducting oxides are an attractive family of
smart materials with wide range of morphologies within the quasi-one dimension (nanowires,
nanobelts, or nanorods)*. Besides, these oxides offer a high versatility in the applications: optical
and mechanical resonators, lasing, sensors, photo-catalysis, solar cells, and biomedical and
healthcare usages, to name a few> . A great deal of research has been focused on synthesis,
characterization and applications of semiconducting oxide nanowires in the last decade, although
there are still open questions. From the point of view of the physical properties, for example, it is
still a challenge to get effectively doped oxide nanowires with controllable conductivity’. On the
other hand, surface properties play a key role in the case of nanomaterials due to the high aspect
ratio of nanowires and nanoparticles. The surface influences both the physical-chemical properties
and the growth mechanisms to generate specific architectures. Here, there is still room for
improvement. In the case of Si nanowires, a model based on Plateau-Rayleigh instability has been
recently proposed to generate one-dimensional Si-Ge heterostructures with modulation in their
diameter, in which surface energy considerations drive the growth and playing with the kinetical
factors enable the shape-tailoring'®!!. Alternatively, in III-V nanowires surface energy engineering
has been also exploited to control the polarity and the kink formation in III-V nanowires'?. Hence,
gaining knowledge about the relationship between crystal orientation and final morphology will
contribute to understand the formation of nano-oxide assemblies and to get further control over

their final shape.



Even though many works on hierarchical or complex nanostructures have been reported, most
of semiconducting oxide nanomaterials refer to objects with homogeneous chemical composition,
obtained from several routes'>"!%. In previous works, we have successfully grown a large variety
of low dimensional semiconducting oxide structures by thermal evaporation of chemical
precursors under suitable thermal treatment parameters (gas flow and temperature). In particular,
nanowires, nanotubes or nanorods of ZnO, SnO», GeO2, Sb203, In203, GaxO3 among others, with
well-defined facets and high crystalline quality have already been reported'®'?. In this work, we
tackle the synthesis and characterization of some specific Ga,03/SnO> architectures grown by a
catalyst free vapor-solid (VS) mechanism. Monoclinic B-Ga>xOz and rutile SnO; are the
thermodynamically stable phases of Ga>O3; and SnOz, respectively. Their wide band gaps (4.9 eV
and 3.7 eV, respectively) make them suitable for applications in the ultraviolet range. Their
chemical stability, easiness of production and tune ability of physical properties make these oxides
a potentially interesting alternative to other wide band gap semiconductors, such as the nitride
family. Photodetectors and photocatalytic applications, as well as chemical sensors, batteries, light
emitters, and energy applications have been anticipated using Ga>Os; or SnO: films and/or
nanostructures?>->3. In most of these applications, the surface plays a key role in the performance
of the devices based on these oxides. The development of nanostructures combining these two
oxides could be very promising from the point of view of applications. Gax03/SnO:
heterostructures, which consisted of Sn-doped Ga,Os and polycrystalline Ga-doped SnO:
assembled in nanowires have been reported for sensing applications?*. Also, Hsu and Lu reported
the fabrication of GaxO3/SnO> core-shell nanostructures with applications in ultraviolet
detectors®®. By using the above-mentioned VS catalyst free method, we have grown crossed

Ga203/SnO; multiwire architecture and a detailed characterization of the heterojunctions has been



carried out®®

. Here, we report the growth and characterization of two kinds of nano-
heterostructures that have a main Ga;O3 nanowire axis: skewer-like (SK) structures with small
SnO:> particles attached to the trunk; and crossed wires (CW) structures consisting of SnO» wires
cutting across a central Ga;O3 nanowire. The goal is to understand the underlying formation

mechanisms and the main features of these heterostructures that could be extended to other oxide

materials.

Single-step thermal treatments of metallic gallium along with tin oxide powders at 1500 °C for
15 hours were conducted under argon flow in order to get conditions for the growth of both Ga>O3
and SnO; nanostructures. Alternatively, a small fraction of chromium oxide was added to the
precursors and the same thermal treatment was carried out. Sn or Cr impurities have beeaproved
to increase the production yield of GeO and SbO3 nanowires or nanorods during the thermal
treatment, respectively?’2%. It was previously found that addition of a small amount of tin oxide
powders to the Ga source, branched Ga;O3; nanowires were developed during a 1350 °C thermal
treatment. Sn impurities were segregated towards the surface of the main Ga,Os trunks during the
thermal growth and became nucleation sites for secondary Ga,Os branches®. In that case, the
temperature was not enough to nucleate SnO> nanostructures. In the present work, the temperature
has been increased up to 1500 °C. This temperature is closer to the melting point of SnO2 and
Gay0s3 (1630 °C and 1725 °C, respectively), which makes feasible the stabilization of both SnO>

and Ga,Os crystals.

In this work, two different heterostructures, skewer-like (Figure 1a) and crossed nanowires
(Figure 1b) were analyzed in detail. Both are formed by a main longitudinal Ga>O3 nanowire with
SnO, nanoparticles or transversal SnO> nanowire. The structure and morphology of these

nanostructures were analyzed by high resolution (Scanning) Transmission Electron Microscopy



((S)TEM) using a JEOL 2100 and a double corrected ARM 200F microscopes working at 200kV.
Energy dispersive X-ray spectroscopy (EDX) analyses were performed with probe currents of
approximately 200 pA and collected with an Oxford Instruments X-Max Silicon Drift Detector
with an area of 100 mm?. The microstructural characterization was correlated to physical and
chemical properties by X-ray photoelectron spectroscopy (XPS) at Elettra synchrotron and by
cathodoluminescence (CL) in the scanning electron microscope (SEM). A Leica Steroscan SEM
and a JEOL 6100 were used for CL measurements. This information is very valuable to unravel
the optical properties in oxides. In particular, our results shed some light into the luminescence

bands of tin oxide affected by size-effects.

Figure 1(a) shows a general view of a representative SK structure in the SEM. This architecture
consists of a Ga-containing trunk, with thicknesses between 50 — 150 nm for different skewers,
surrounded by Sn-containing rhombohedral-shaped particles as revealed by EDX (inset Figure 1a).
The source materials, pure Ga and tin oxide powders, were placed on the top of a gallium oxide
pellet, that acted as well as substrate, into an open tubular furnace. Skewer-like structures were
extensively produced after 15 h of thermal treatment under an argon gas flux of 0.8 I/min. A video
composed by images taken at different times during growth is shown in the Supplementary

Information Video S1.

To determine the crystallographic relationship between trunk and nanoparticles, TEM analysis
was carried out in the as-grown structures. Figure 2(a) shows a low magnification bright field TEM
image of a skewer-like structure. Notice the presence of moiré fringes in the superposition of Sn-
containing rhembehedral-particles and the Ga-containing trunk. The moiré fringes indicate an
epitaxial relationship between both components, but with different lattice parameter and/or

orientation. In particular, the observed translational moiré fringes (dim) in the SK structures arises



from the slight misfit between Ga>O3 (110) planes (d1) and SnO; (001) planes (d2). This misfit
could lead to some strain in the SnO; particles developed over the Ga,O3 wire. Figure S2 (Supplem.
Info) provides a TEM image of the trunk-particle junction between SnO; and Ga>Os and its
corresponding FFT pattern. The analysis of the translational moiré pattern observed gives a value
of 4.07 nm. On the other hand, the theoretical expected value for the above-mentioned planes is
4.1 nm, which is quite close to the measured periodicity. This result suggests that although a certain
degree of strain could be expected from the lattice mismatch, this would occur if just a few layers
of SnO; were grown over the Ga»O3. High-resolution TEM images were recorded in the trunk and
the rhembehedral-particles (figure 2 (b) and (c) respectively) and the Fourier transform (FT)
enabled to identify the f-Ga>O3 phase and rutile SnO> for the trunk and nanoparticles, respectively.
The GaxOs3 trunks grow along [110] and surface planes of the Ga,O3 NW are the (002) and the (1-
10) planes. On the other hand, the SnO; particle attached to the NW exhibit facets of {101} type
truncated by (200) planes. In Figure S3 (Supplem. Info) a ball and stick model is shown that
illustrates the lattice matching between (200) planes in SnO; and (002) planes of Ga>0Os. The b

lattice parameter of Ga>Os is 3.04 A while the ¢ parameter of SnO> is 3.18 A.

From these observations, the following formation mechanism of the SK structures is suggested.
In the framework of a vapor-solid (VS) mechanism, the first condensed oxide molecules serve as
nucleation sites, in a self-catalytic scheme, where further deposition takes place leading to the
formation of nanowires if there is a preferred growth direction®°. In such a case, the minimization
of free energy determines the directional growth during the condensation process, which is
dominated by the surface energy growth of nanowires. This can be of crucial importance when it
comes to anisotropic materials, as it is the case of the monoclinic B-Ga>Os along the b direction’!.

Previous works have reported Ga,O3 NWs with several growth directions [010], [001], [110] or



[40-1] obtained by different methods, such as chemical vapor deposition or thermal deposition and
usually in all these works a foreign metal catalyst has been used*2>3. In the present work, Ga,0s
NWs are first formed by oxidation of the metallic Ga precursor under dynamical thermal
conditions in the furnace. The growth conditions promotes the [110] growth direction for the
Ga0O3 NWs. This orientation seems to be preferred in thin nanowires. The occurrence of a
particular growth direction will give rise to a characteristic faceting of the final nanostructure,
which is a key factor when it comes to the formation of more complex nanostructures. Here, the
surface facets of the thin NWs favors an epitaxial growth of SnO> nanoparticles along the NW
with crystalline orientation matching with the Ga>Oj3 axis. The nucleation of these particles could
be the out-diffusion of Sn impurities in the Ga,O3 NWs. As TEM results show, the surface facets
of SnO» crystallites are {101} and {200} planes, which is in agreement with a minimization of
surface energy in SnO,*. On the other hand, Sn impurities could be eventually incorporated as
well as dopant elements into the Ga;O3; NWs, as discussed below. These SK heterostructures
reminds the Ge nanoparticles on Si nanowire heterostructures reported in Refs. 10-11, where the
proposed driven mechanism was a Plateau-Rayleigh (P-R) instability of the Ge shell around the Si
nanowires to reduce the overall surface energy'®!!. In addition, the strain due the Si/Ge lattice
mismatch was also suggested as an additional factor to modulate the final morphology of the
heterostructures!!. A strain-mediated growth has also been proposed in the long range ordering of
SiGe quantum dots on Si membranes®. In all those cases, the lattice mismatch were significant.
We have shown that the [110] oriented Ga>O3 nanowires act as a lattice-matching “substrate” for
the SnO; particles. On the other hand, a clear periodicity of SnO, particles around the NWs is not

observed in our SKS, but the thickness of these particles seems to be homogeneous along the NW.



This is in agreement with the P-R model where the diameter of the shell is determined by the time

duration of the thermal treatment'°.

The addition of chromium impurities in the precursors resulted into Ga2O3/SnO, CW growth.
We have recently reported this architecture?® and made a characterization just at the junction point
by means of X-ray absorption near edge structure (XANES) and Extended X-Ray Fine Absorption
Structure (EXAFS) analysis. The Cr concentration was found to be 0.014 = 0.004 atom % Cr in
Gay0s, trunk and below the detection limit in SnO, wires?®. Here, we present the structural
characterization performed by HRTEM. From side-view SEM images and EDX compositional
analysis of these crossing NWs (Figures 1b and lc, respectively) straight Ga2O3 NW and SnO»
branches cutting across are easily revealed. The thickness of the Ga,O3; NW is of about 250 nm

and its length of several microns.

A focused ion beam (FIB) section, perpendicular to the GaxO3 NW growth direction and
containing a SnO; branch, was fabricated to elucidate the microstructure of the Ga;03/SnO>
heterojunction (see figure 3(a)). Figure 3(b) (middle) corresponds to the annular dark field (ADF)
image with EDX elemental map superimposed (Ga in red and S» in green) revealing the Ga>O3
NW and the SnO: branch in the FIB specimen. High magnification ADF imaging taken in both
SnO, and Ga>Os3 (left and right panels, respectively) corresponds to the atomic structure along the
[10-1] and [001], respectively. Therefore, the growth direction of the Ga>Os; wire has been
identified as the [001] direction (along the electron beam) while the crossing SnO; wire grows
perpendicularly to the Ga>O3 wire following the [-101] direction. This result reveals the different
Gay03 growth direction in the SK with respect to the CW structures. The Ga>O3 growth direction
i1s [110] in the former and [001] in the latter. Figure 3(c) shows an atomically resolved ADF image

of the heterojunction projected onto the (001) and (10-1) planes of Ga,O3; and SnO» respectively



in the CW structures. Figure 3(d) shows the Fourier Transform of Figure 3(c). Since there are two
ordered lattices in the STEM image, there are two set of diffraction spots coming from both lattices.
Diffraction spots associated to SnO> have been indexed in green and those corresponding to Ga,03
are indexed in red. As it can be seen in the figure, some of these spots overlap. This overlapping
reflects lattice coincidence between {310} planes in Ga;0O3; and {020} planes in SnO,. The image
shows that both nanowires are joined by an interface boundary, which is not edge-on under these

TEM conditions.

The structural analysis of the Ga;03/SnO, CWs would help to get some insight into their
formation. If we assume that the first step is the growth of the Ga,O3; NWs, we have to elucidate
the reason for the growth of either SnO; nanowires across them or SnO; nanoparticles attached to
them (shown above). The mechanism seems to be related to the particular growth direction of the
Gay03 axis, with the implications of this fact on the surface energy of the NWs facets. The obtained
growth direction is [110] for NWs in SK nanostructures and [001] for NWs in the crossing
Ga203/Sn0; structures. The thermal treatments and source materials in both treatments were
similar, except for the presence of chromium oxide in case of crossing structures. In H. J. Chun’s
et al. study of Ga,O3 NW growth, it was found that the structure of the NW could be controlled
with the use or not of the metal catalyst, and that the nanowires grown with nickel as catalyst have
random growth direction®’. Here, the addition of a small amount of chromium into the source
materials could have influenced the mobility and diffusion of the adsorbed species in the Ga>O3
primary NWs leading to [001] NWs instead of [110] ones when only gallium and tin were present.
Moreover, a specific growth direction involves specific lateral surface planes of the NW, which
implies that surface energy engineering could be used to control the final morphology of the

nanostructures. It should be taken into account that we use a VS mechanism, with no external
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catalyst. Crossing InSb nanowires have been obtained by a vapor-liquid-solid (VLS) method,
which use gold as catalyst, in a four-step process®®. An example of combined nucleation and
surface energy engineering to get tuned structures has been recently published in III-V
nanowires'?, where the provoked effect was the kinks formation in the GaAs NWs by modifying
growth conditions. In this work, SnO> nanostructures are able to grow during the same thermal
process. We have observed that the primary Ga>O3 wire orientation could serve as an engineering
tool to get different architectures: i) the growth of SnO; particles decorating the main thin Ga;O3

axis, leading to the skewers; or ii) the growth of SnO; cross wires across the Ga;O3 wires.

In order to assess local optical and chemical properties of these complex morphologies, spatially
resolved XPS and CL measurements have been carried out. CL in the SEM enables to probe
electronic levels across the whole nanostructure (penetration depth of electron beam in the SEM
is slightly lower than 1 um, for Vace = 15 kV) while XPS measurements provides information about

the electronic states and chemical bonding at the surface level.

XPS analysis with high spatial resolution has been performed at the ESCA microscopy line at
Elettra synchrotron in Trieste. The operation conditions at this beamline balance quite well the
trade-off between spatial and energy resolution. XPS spectra were performed with 648 eV photon
energy. This means that kinetic energy of electrons is around 100 - 600 eV. Therefore, the mean
free path (probe depth for XPS signal) is = 10 A. Hence, surface effects strongly influence the
information on electronic properties. High-resolution XPS spectra were recorded to get the energy
profiles of Ga 3d, Sn 4d, Sn 3d and O 1s core levels, which gives information about the chemical
bonding. Energy axis in high resolution spectra was calibrated by fixing the C 1s binding energy
(BE) at 248.8 eV*’. Figure 4 summarizes the XPS results from the SK and CW architectures.

Figure 4 (center) shows XPS maps representing the intensity of the Ga 3d line of both structures.

11



High-resolution spectra from the central Ga;Os3 axis in skewer-like structures and in cross wires
are shown in Figure 4 (left - points marked as “a” in the XPS images). The binding energies for
Ga 3d and Sn 4d core levels are 20.5 eV and 26.0 eV, respectively. We have selected this window
energy because we can simultaneously obtain information about both elements in the same
experiment. The results show the main Ga 3d peak in the axis of both nanostructures, but in the
SK structures, a non-negligible peak is observed at 26 eV that corresponds to the Sn 4d binding
energy level. The Ga 3d binding energy of 20.5 eV corresponds to the Ga®* in the Ga — O bonding,
in undoped material®®. A slight shift towards higher energies is observed in the XPS spectrum of
point a, in the skewer axis (Figure 4 (left)). This would be consistent with the presence of Sn in
the skewer axis as dopant, but not in the axis of CWs. Alternatively, spectra from the SnO; particles
and SnO> cross wires have also been obtained from XPS maps (points marked as “b”’) and
displayed at the right in Figure 4 (right). The dominant peak corresponds to the Sn 4d line, but it
is worth noticing that the Ga 3d line is rather important in both SnO> particles and nanowires. This
result shows that both nanowires and nanoparticles are Ga doped, at least at the surface level. XPS
spectra of the Sn 3ds» and O 1s lines have also been recorded (Figure S4 in the supplementary
info). The XPS analysis has also revealed a small peak at 487 eV (Sn 3d 52 level) in the Ga,03
axis of the SKs and changes in the line profile of the O 1s levels. Hence, these XPS results suggest
that the Ga>O3 nanowire axis in the SKs are slightly Sn doped while the axis in CWs seem to be

undoped.

Finally, we have investigated the luminescence of both kinds of nanostructures, SK and CW, by
means of CL. The high spatial resolution of the CL technique enables to get local CL spectra at
different points in the structures. Since the quantum efficiency of both Ga>O3 and SnO; is rather

high, all the CL measurements have been carried out at room temperature. Even though
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semiconductor oxides exhibit a wide bandgap, visible luminescence occurs quite often due to the
presence of oxygen vacancies that give rise to luminescence centres. In many cases, the oxygen
vacancies may form complex defects with other point defects or impurities, which makes the

visible luminescence bands rather broad.

Figure 5a shows the secondary electron image of a SK structure where “A” label stands for axis
and “B” label for particles. Figure 5b shows the spectra acquired at the Ga>O3 axis and at the tip
of one of the SnO; particles attached to the main NW in the SK structures. The CL emission from
Ga0Os3 corresponds to the ultraviolet (UV) band composed of two components (3.3 and 3.0 eV)
related to bound excitons and donor-acceptor pair with (DAP) transitions*’. Both donor and
acceptor centers involve native point defects, with the oxygen vacancy Vo generally accepted to
act as the donor center, while Vga-Vo complexes are considered to be acceptors*. This emission
is characteristic of undoped Ga>O3. CL spectra of pellets of Ga»O3 and SnO, oxides, which have
been used as reference samples, with their usual native-defects related UV and visible bands,
respectively, are displayed in the Figure S5 (suppl. info). It can be seen that the CL spectrum from
the axis wire (spectrum A) is quite similar to that shown in Figure S5. On the other hand, known
luminescence bands in SnO; are the orange (OR) band at 1.95 eV (635 nm), related to oxygen
vacancies, and a green — blue (GB) band, which is strongly dependent on surface states*!. Several
GB bands at 2.25 and 2.58 eV (550 and 480 nm) have been reported in SnO> microcrystals, with
relative intensities dependent on surface facets and thermal treatments*>. In our case, the CL
emission of the SnO» particles exhibits the GB band and blue emission composed of several bands
(2.76 and 2.95 eV), which is unusual. No significant orange emission is found in the SnO> particles.
Similar blue-UV emission has been reported in SnO» nanoparticles and attributed to quantum

confinement effects*’, which can be ruled out here since the SnO; particles in the skewer structures
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are around 800-900 nm. However, the particles display well-defined facets that may have
characteristic surface states*!. This could explain the observed blue-UV emission and the

quenching of the orange band.

A CL analysis of the crossed Ga;03-SnO; wires is summarized in Figures 5(c-f). Figure 5(c)
shows the secondary electron image of a CW assembly. CL emission from Ga;Oj3 axis shows the
characteristic UV band but also a not negligible broad band in the orange region (Figure 5d). On
the other hand, the orange band (1.95 eV) dominates the CL spectrum from the SnO> wires. As it
has been mentioned, this OR band is commonly attributed to oxygen vacancies in SnO> bulk
material**. Therefore, the CL emission from the SnO> wires crossing the Ga>Oj3 axis is dominated
by native defects instead of surface states, in contrast to the emission of SnO> particles in the
skewer like structures, where the main CL bands are those of the blue-UV region. These results
agree with the above-described structural and surface analysis. Monochromatic CL images of the
characteristic emission bands of both Ga;Os3 axis and SnO; wires are displayed in Figures 5(e) and
5(f). The main ultraviolet emission comes from the central trunk, while crossing wires are emitting
orange light. In addition, the orange light that arises in the main Ga;O; axis could come from
waveguiding luminescence of the SnO> cross wires. The luminescence results demonstrate a
dependence on the shape of the luminescence properties in the case of SnO,. Therefore, shape
engineering could be a useful approach to capitalize the plenty of possibilities of semiconductor

oxides assemblies.

In summary, the Ga;03-SnO, material system has been revealed as a platform to study
orientation dependent architectures and properties. A thermal evaporation method at high
temperature, close to the melting points of both oxides, allows the formation of either skewer-like

(SK) structures or crossed wires (CW). The root of these architectures is a primary Ga,Oz nanowire
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with a preferred growth direction. In the SK structures, Sn out-diffusion in the [110] Ga2O3; NWs
may nucleate the formation of SnO> particles further developed with a nice lattice matching
between the surface axis and the particles. The observed facets in the SnO- particles are compatible
with minimum surface energy considerations. On the other hand, the addition of a small amount
of chromium oxide in the source materials leads to the formation of crossed Ga>03-SnO> wires. In
this case, the growth direction of the Ga>O3 nanowires is the [001], probably induced by the
presence of chromium. In this scenario, Sn impurities in the main Ga>O3 axis seem to act as
nucleation sites for SnO; wires at some points of the main axis in a secondary growth self-catalyzed
scheme. The Ga>03/SnO; junction in CW structures examined by HRTEM has been revealed as a
grain boundary and it seems that the lattice matching condition is not required for the formation
of the CW structures. XPS results demonstrate the presence of a small amount of Sn in the main
GaxOs axis of skewer structures, not observed in the Ga>Oj3 axis of the crossing wires. On the other
hand, CL emission of SnO, has been shown to be affected by its shape and dimensions of the
structures. Both assemblies show luminescence at room temperature. While CL of SnO; wires in
the cross structures is dominated by the orange band, the CL emission of SnO, particles is
dominated by blue emission probably originated by the exposure of specific surface facets with

characteristic surface states.
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Figure 1. (a) SEM image of a skewer-like structure. Inset: the corresponding EDX map for Ga
and Sn elements of the red square. Source materials were Ga chips and SnO; powders and the
thermal treatment was carried out at 1500 °C for 15 hours. (b) SEM image of several SnO, wires
crossing a main Ga>O3 nanowire obtained after the addition of a small fraction of chromium
oxide to the precursors and follow the same thermal treatment as in (a), and (c) its corresponding

EDX mapping of Sn (green) and Ga (red) elements.
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Figure 2. (a) TEM image of skewer-like structure. (b) HRTEM analysis of the Ga;O3; main axis
of a skewer-like structure and its corresponding Fourier Transform (FT) pattern. (c) HRTEM

image of the SnO; particle and its FT pattern.
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SnO, wire

Ga,0; trunk

FIB sample

Figure 3. (a) Artwork depicting the cross-section of the junction area between SnO> and Ga>O3

nanowires prepared by Focused Ion Beam technique. (b) TEM analysis of the cross-section area

of crossing wires prepared by FIB (central image) overlapped with the compositional
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Intensity (arb. units)

information provided by EDX (Ga in red, Sn in green). Left: high resolution STEM of SnO»

wire. Right: high resolution STEM of the central Ga;O3 wire. Both STEM images have been

acquired at the regions marked with a white square in (b). Insets display atom resolution ADF

images overlapped with ball model crystal structures in both cases. Oxygen atoms are hidden in

the balls model. (¢) Atomically resolved ADF image of the heterojunction projected onto the

(001) and (10-1) planes of Ga;03 and SnO; respectively in the crossing wires structures. The

projection of the Ga>O3 unit cell is drawn. (400) planes in Ga;O3 and (101) planes in SnO, are

also marked. (d) Fast Fourier Transform (FFT) of (b) that reveals lattice coincidence between

{310} planes in Ga,03 and {020} in SnO.

Gaz03
NW axis:
Pointa

—— Crossing wires

Skewer-like

Ga 3d
x
Sn 4d

l

15 20

25 30

Energy (eV)

skewer-like

Intensity (arb. units)

1Sn0Oz2wire —— Crossing wires
Jor particle: .
1Point b Skewer-like

| Ga3d Sn 4d

] \ e

15 20 25 30

Energy (eV)

Figure 4. Left: XPS spectra obtained from the main Ga;O3; nanowire axis in crossing wires (blue

line) and skewer-like structures (red line). Center: XPS Ga 3d map of both structures. Right:

XPS spectra recorded at SnO; crossing wires (blue line) and at SnO; particles (red line).
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Energy (eV)

(d)
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Sn0, wire

L Intensity (arb. units)

C
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Energy (eV)

Figure 5. (a) Secondary electron image of SK structures. (b) CL spectra recorded at the points
labelled as A and B in (b) corresponding to the Ga>;O3 nanowire axis and the SnO» particle,
respectively. (c) Secondary electron image of a CW structure. (d) CL spectra from Ga>O3 axis
and one of the SnO> branches. (¢) monochromatic CL image at A =400 nm, and (f)

monochromatic CL image at A = 600 nm of the CW structure shown in (c).
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