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Synthesis of low dimensional oxide based complex materials by a

vapor-solid method
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Véazquez-Lopez®, Maria Taefio®, Félix del Prado™*, Emilio Nogales®, and Ana Cremades**
“Departament Materials Physics, Physics Faculty, Universidad Complutense de Madrid, 28040
Spain; ®Current address: Institute of Advanced Materials (INAM), Universitat Jaume I, Avenida de
Vicent Sos Baynat, s/n, 12006 Castell6 de la Plana, Castellon, Spain; “Current address: Department
of Neuroscience and Biomedical Engineering Engineered Nanosystems, Aalto University —
Micronova, Espoo, Finland

ABSTRACT

Nano and microstructures of ternary oxide compounds, such as nickel gallate, indium-zinc-oxide compounds, and
lithium stagnates, have been successfully synthetized by a vapor-solid method. Following this synthesis process, a
significant amount of material is produced in an economic and scalable way. NiGa,0O4 nano- and microneedles are grown
using mixtures of Ga,O; powders and Ni and Ga metallic powders as main precursors. In the case of In,Zn,Osy
compounds, the precursor blend contains ZnO and InN or In,S; as a source for indium atoms, producing 1-dimensional
or 2-dimentional preferential growth, respectively. The growth of complex branched structures of Li,SnO; has been
achieved with the use of SnO, and Li,COs. The temperature and precursor selection allow us to engineer the size, grade
of complexity and final morphology of the structures. The growth mechanism of the obtained nano and microstructures
is discussed and the driven force behind it is identified as anisotropic growth, autocatalytic process and dislocation
driven mechanisms, depending on the specific materials and experimental conditions. Ternary compounds will be
presented together with their properties characterized by x-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive x-ray spectroscopy (EDS), transmission electron microscopy (TEM) and Raman spectroscopy
techniques. The possibility of synthetizing nanocomposites will be also briefly discussed.

Keywords: Micro and nanostructures, ternary oxide-based compounds, growth mechanism, defects, vapor-solid method

1. INTRODUCTION

Low dimensional structures such as nanowires, nanoplates, nanoparticles and nanobelts present great advantages due to
their increase surface to volume ratio and reduce size, as well as their particular morphology and properties which confer
them broad applicability. Elongated nanostructures can be used as fundamental building blocks for nanotechnology
applications, ranging from chemical and biological sensors, field effect transistors, to energy generation and storage
devices, and more. However, for a more efficient contribution to the progress in nanotechnology, challenges regarding
the physical, chemical and structural control of nanomaterials as well as the development of more complex
nanostructures has to be overcome in response to modern technological demands. In order to exploit their capabilities
and achieve improved performance, appropriate synthesis methods are required for the achievement of low dimensional
structures with tailored morphology and composition. Recently, increasing interest is focused on the synthesis of micro
and nanostructures of wide bang gap oxides such as gallium oxide'?, a n-type oxide with a 4.8 eV band gap with recent
applications in high power technology, as well as nickel oxide®*, a p-type oxide with band gap around 3.8-4 eV. Other
relevant oxides with reported nanostructures are also tin oxide’ , titanium oxide® and indium oxide™®. To date, these
oxides have been synthesized following a wide range of synthesis methods leading to the development of micro- and
nanostructures in forms of rods, tubes, belts, and more complex morphologies. However, the quest of novel and
improved functionalities requires the fabrication of materials which accomplish particular dimensions, composition and
geometries, as well as high crystallinity for which a selection of adequate synthesis methods is needed. The different
properties and applications of these oxide-based low dimensional structures could be improved or widened either by
doping or by obtaining the ternary compounds between several of the mentioned oxides. Actually, the development of
ternary compounds based on binary oxides is
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gaining increased attention as they can face challenging tasks regarding the achievement of particular composition,
properties and morphology, leading in some cases to the birth of promising fields of research. This work comprises a
review of diverse low-dimensional ternary compounds based on binary oxides fabricated by a vapor-solid method,
alternatively by including a third element of technological interest such as Li’ or Zn'’.

Despite the great interest aroused by low dimensional micro and nanostructures of ternary compounds, their fabrication
is not an easy task and diverse synthesis approaches have been followed so far. Among these synthesis procedures, the
vapor-solid method has demonstrated to be of prior choice in the fabrication of a wide variety of micro- and
nanostructures of diverse ternary compounds''>". This versatile method, which avoids the use of catalyst, templates or
external substrate, requires a precise control of different parameters which govern the growth of the micro- and
nanostructures in a scalable way. Regarding the synthesis of ternary compounds, special attention has to be paid to the
selected precursors and the temperature and duration of the thermal treatment in order to achieve a tailored composition
of the as-grown microstructures. Besides, different mechanisms'*" could be involved during the vapor-solid growth,
such as self-catalytic growth, dislocation-driven growth and anisotropic growth. The driving-force leading to the growth
of the different low dimensional structures based on ternary compounds by a vapor-solid method are not completely
understood so far. In this work, different micro- and nanostructures from diverse ternary compounds grown by a vapor-
solid method are described and the driven forces governing the growth mechanisms are discussed as well.

The spinel structure is a common one for complex materials, which leads to a variability of behaviors and applications
due to the accommodation of cations with different sizes and charge states'®. An inverse spinel structure is the one of the
NiGa,0,4 samples under study in this work. As for other transition metal spinels, it exhibits luminescence properties, and
it is also adequate for photocatalysis applications'’. NiGa,O, has been mainly synthetized in the form of nanoparticles'®,
however less has been done so far in the fabrication of elongated micro- and nanostructures, as those described in this
work.

As a critical raw material In presents supply risks that have prompted the search for alternative materials to In,O3 or
indium tin oxide (ITO), with a lower content of this element. One of the most promising materials for the substitution of
ITO as transparent electrode is the In,0;3-ZnO system, also known as IZO. This system is characterized by the formation
of ternary In,Zn,Oy.3; homologous compounds, with k integer, when the Zn content is above the solubility limit of 2 %
atomic. The properties of these compounds are close to those of ITO, but with the advantage of a lower In content.
Besides, they also present some other distinctive characteristics such as a high Seebeck coefficient or a low thermal
conductivity'’, which are desirable from the thermoelectric applications point of view. IZO single crystalline nano or
microstructures are scarcely reported”” and the complex structure' of this material is still under study.

The Sn-based ternary compound Li,SnO; is commonly used in applications related to the fabrication of electrodes for Li-
ion batteries™, as well as in catalysis and in the fabrication of dielectric materials for microwaves™. Despite these
applications, Li,SnOj is a poorly studied material, mainly due to the necessity of adequate synthesis methods, and many
of its physical properties are still unknown or under discussion, as for example its fundamental band gap.

Besides, the fabrication of composite material using either ternary compounds or binary oxide nanomaterials as a filler in
a polymeric or carbonaceous matrix can also lead to improved performance, as advantage can be taken from their easy
processing, low cost and possibility to be a part of flexible devices with tuneable properties.

The purpose of this article is to review some of the research results achieved in our group related to the obtention of
nano- and microstructures of ternary complex oxides with interesting technological applications. In this work, micro and
nanostructures of Ni gallate, IZO and Li stagnate ternary compounds synthetized by vapor-solid will be presented
together with some of their properties characterized by x-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive x-ray spectroscopy (EDS), transmission electron microscopy (TEM) and Raman spectroscopy
techniques. The selection of experimental conditions allows us to engineer the size, grade of complexity and final
morphology of the structures. The growth mechanisms of the obtained nano- and microstructures will be discussed and
the driven force behind it identified. Some practical issues about obtaining nanocomposites with oxide-based materials
will be briefly described.
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2. EXPERIMENTAL

The samples have been fabricated by a thermal treatment of a precursor pellet. The pellet is made of a pressed mixture of
oxides (Ga,03, ZnO, SnO,), metals (Sn, Ni, Ga) or other precursors such as lithium carbonate, indium sulfide or indium
nitride as shown in the Table 1. The pellet is annealed under a dynamic atmosphere of Ar up to 1500 °C depending on
each material and the selection of precursors. Usually, a treatment in a single step is used, maintaining the temperature
stable for 5 to 10 hours. Sometimes a two-step treatment is preferred if taken advantage from the different sublimation
rates of the precursors is seek. The micro and nanostructures are form on the pellet surface that acts simultaneously as
substrate and as source of material, avoiding the use of catalysts, templates and external substrates, by a vapor-solid
mechanism.

Table 1. Experimental conditions used to synthesize the nano and microstructures.

Material Precursors Temperature (duration)
NiGa,04 Ga,0s, Ni and Ga 1400 °C (10h)
1500 °C (10h)
12O InN or In,S; and ZnO 700 °C (5h)-900 °C (5h)
Li,Sn0O; Li,CO5 and SnO, 700 °C (5h)
800 °C (5h)
900 °C (5h)

In most cases, the ternary compounds fabricated following this method coexist with other oxides appeared in the surface
of the pellet on top of which the micro- and nanostructures grow. Hence, some of the as-grown low-dimensional
structures can be detached from the pellet and placed onto Si substrates in order to perform an individual analysis.

The micro and nanostructures have been characterized by SEM, XRD, TEM and Raman spectroscopy. The
morphological and the compositional analysis were obtained using a scanning electron microscope (SEM, Leica 440
Stereoscan) equipped with an EDX Bruker AXS 4010 analyzer to provide the energy dispersive X-ray spectroscopy
(EDS) results. X-ray diffraction (XRD) was carried out with a PANanalytical X Pert Powder equipment, using the Cu
Ka line. Raman measurements were carried out by means of a confocal microscope Horiba Jobin-Yvon LabRam HR800
using a He-Cd (325 nm) or a 633 nm He—Ne laser as excitation source. The microstructural analysis was performed in a
transmission electron microscope JEOL JEM 3010 operated at 300 kV.

3. RESULTS AND DISCUSION
3.1 Nickel Gallate

The micro and nanostructures are grown at 1500 °C and 1400 °C, hereinafter also referred as Sample A and B,
respectively. In Figure 1, the SEM images show representative structures of both samples, mainly in form of nanoneedles
and microrods, covering with a high density the surface of the pellet. The main differences between the structures grown
at 1500 and 1400 °C are related to a bigger size for the ones grown at lower temperature with a reduce density of them on
the pellet surface. The elongated microstructures show lengths up to tens of microns and widths of some microns or even
hundreds of nm. Most of the bigger needles are faceted with a hexagonal section, such as the one shown in Figure 1(b),
which shows a terraced appearance of the lateral faces.

By gently detaching the structures, single isolated ones can be study in more detail. Some of the needles exhibit at the
top a small droplet, which can be observed at higher magnifications. Only in some rods of the sample grown at a reduced
temperature, bigger droplets are observed. In Figure 2a, a needle shows a reduction of the section or tapering towards the
tip due to the consumption of the catalyst droplet during the growth. Taking into account the cubic spinel structure of this
compound, the preferential growth in a specific direction cannot be justified by the anisotropic growth originated by the
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minimization of surface energy of different crystalline orientations as they would be quite similar due to the isotropic
nature of the cubic structure. This is an indication of the autocatalytic vapor-liquid-solid (VLS) growth mechanism
which is assisted by the presence of metallic Ga and Ni in the precursors. The EDS mappings of Figure 2b show that
these final droplets present a Ni enrichment as compared to the rod. The average composition of the samples detected by
EDS shows that the ratio of Ga to Ni is around 2 with an excess of Ga, and slightly increasing from the base to the top,
which reflects the different incorporation rates of Ni and Ga from the catalyst into the final crystal.

(@) sampleA

Figure 2. (a) SEM image showing the droplet at the top of a microneedle and (b) SEM image and EDS mapping of one microrod of
the sample grown at 1400 °C.

XRD analysis, not shown here, confirms the presence of Ga,0; and NiGa,0, in the treated pellets. As shown in Figure 3,
the characterization of isolated rods enables the identification from the Raman spectra of their Ni gallate structure in
agreement with the literature?*, The peaks do not correspond to the well-known spectrum of Ga,0s;, which is also
included in the Raman figure as a reference. The dominant Raman mode corresponds to the A, mode centered at around
744 cm™', while E, and T,, modes are centered at 533 and 616 em’, respectively. The assignment of peaks to specific
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modes is however tentative as the work is ongoing, hence further study is still required in order to gain deeper insight in
the understanding of the vibrational modes from this ternary compound. In the Raman spectra of different nano and
micro rods the same features are observed for all the probed samples whether they are detached from sample A, or B,
with nano or micrometric sizes or even when the spherical particle at the top of the structures has been probed. In this
case the only differences are a slight shift of the A, peak towards higher energy related to the higher amount of nickel in
the ending spherical tip, as measured by EDS, and a small shoulder in the A;, mode for the rods of the sample grown at
higher temperature.

B-Ga,0, (reference)
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Figure 3. Raman spectra of single rods from sample A and B. Spectrum from Ga,0; is also included as a reference.

3.2 Indium zinc oxide

Indium zinc oxide homologous compounds are complex materials with a structure consisting of alternate layers of InO,
octahedra and wurtzite-like InZnOy+; stacked perpendicular to the c-axis of the crystal, where zinc and indium occupy
tetrahedral and trigonal bipyramid sites”. The structure of this material has been studied in detail by different
authors®"*®. An interesting feature of the IZO heterostructure is a structural modulation in the form of a zig-zag pattern
related to an inhomogeneous In distribution in the In/Zn—O blocks, which is observed not only for high k terms as
previously proposed, but also for lower k members as demonstrated in our previous work'. In a first approximation, the
origin of the modulation is attributed to the confinement of the wurtzite blocks inside the InO, layers, which causes a
gradual displacement of the anion sublattice along the In/Zn-O blocks inverting the polarization and allowing the
formation of the superlattice. The indium atoms arrange themselves in the most stable configuration inside the blocks
following a zig-zag pattern. This zig-zag pattern is however not found in samples incorporating doping elements such as
Ga and Al, as reported in a recent work®’. Therefore, the properties of these homologous compounds usually depend on
the k term and can be modulated by dopant incorporation, as reported for the Raman and luminescence emission”'*’ and
also for the electrical conductivity™ and calculated band gaps®.

Obtaining micro and nanostructures of IZO is of technological interest, as an alternative material to In,O; or ITO, and
due to new applications as a thermoelectric material®’. In this work, the growth mechanism involved in the final
morphology and dimensionality of the micro and nanostructures is shown to be dependent on the selection of different
precursors. A mixture of InN or In,S; and ZnO have been used as precursors to fabricate the micro and nanostructures of
IZO. In this case, a two-step treatment is used'®**’'. For convenience the samples including indium nitride will be
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referred to as N samples whereas those including indium sulfide will be named as S samples. The use of different
precursors allows the obtention of different dimensionalities due to the activation of different growth modes.

In the N samples the thermal treatments lead to the growth of elongated structures mainly rods and needles, as well as
hierarchical structures presenting different levels of ordering. The needles show a Zn content of few atomic percent
distributed quite homogenously along the structures. Local EDS measurements on the rod axis show that the
incorporation of Zn increases towards the top and this fact is related to an increase of the cathodoluminescence (CL)
intensity as well as a band broadening observed with Zn incorporation. In the most developed structures secondary
growth is observed showing also the gradient in the zinc concentration, as observed before (see Figure 4a). The higher
CL emission is also related with the Zn incorporation. The different rate of sublimation for the components of the initial
mixture is a necessary requirement for the development of these hierarchical structures that tend to grow at the top
regions of the rods. The core of the rod is however grown by a dislocation-driven growth”'. Dopant segregation at the
surface of the central rod may lead to the lateral growth of these structures. IZO formation can be assessed by a number
of techniques, namely XRD, TEM, Raman or cathodoluminescence/photoluminescence. The size of the structures makes
XRD and TEM unsuitable for their direct study, but CL measurements (Figure 4b) show an overlapped emission of
In,O5 luminescence, originated at the core of the rods, mixed with characteristic IZO emission form the surface of the
structures.
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Figure 4. (a) Example of IZO hierarchical structures grown from InN precursor, showing the inhomogeneous incorporation of Zn and
its influence on the luminescence of the structures. (b) Representative CL emission of the IZO structures showing the gaussian fit and
comparison to reference ZnO, In,0O; and IZO powders. The spectrum is a mixture of InyO; (from the core) and 1ZO (at the surface)
emission.
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Figure 5. (a) Growth model for IZO elongated. When InN is used as precursor, complex hierarchical elongated structures are obtained
as the result of different sublimation rates of In/Zn. (b) Growth model for two-dimensional micro and nanostructures. When In,S; is
used as precursor, 2D plate stacks are obtained via a screw dislocation driven growth process.
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For the S samples two-dimensional structures are obtained with different morphologies as plates and stacks, some of
them organized hierarchically as observed in Figure 5. The thickness of the plates is of few hundreds of nanometers.
There are also some rods which develop plates on their surface as a result of secondary growth.

The stacks of plates grow by a dislocation driven growth, which have been demonstrated in the last years for several
plates, nanowires and nanotubes of different materials’>**. The hexagonal plates contained helical steps at the surface
showing the presence of dislocations. The two-dimensional dislocation-driven growth could be explained by a
comparable growth rate of steps at the dislocation core and at the outer edge of the plate. On the contrary, if the growth
rate at the core steps is higher than that at outer regions, due to impurity pinning points or slower transport kinetics, the
growth of 1D structures is favored. The relative growth rates, in the nanoplate plane and in the perpendicular direction
can change during the growth due to different adsorption rates at the steps or to variations of transport kinetics during
growth, therefore the growth can alternate between two-dimension and one-dimension modes. As a result, stacks of
nanoplates joined by a central axis are obtained.

3.3 Lithium stagnate

Novel morphologies have been achieved for Li,SnOs, leading to potential extended applicability of this material usually
employed in the field of energy storage so far. Mainly Li,SnO; branched structures have been obtained at 700 and 800 °C
by a vapor-solid method. As an example, the high number of structures obtained at 800 °C are shown in Figure 6(a), (b)
and (c). EDS results show a homogenous distribution of tin and oxygen in the probed structures (not shown here). In this
case, lithium has been detected by XPS (not shown here) and also by electron energy loss spectroscopy (EELS) as shown
in the spectra of Figure 7(a). As confirmed by Raman spectroscopy (not shown here) and selected area electron
diffraction (SAED) measurements performed on individual nanostructures, as the one of Figure 7(b) for samples grown
at 800 °C, the samples grown at 900 °C are complex SnO,/Li,SnO; core-shell elongated microstructures whereas the
structures obtained at 700 and 800 °C exhibit only the Lithium stagnate phase.

Figure 6. (a), (b) and (c) SEM images of structures synthetized at 800 °C at different magnifications.

As observed in the TEM images stacking faults along the central stem along the [001] direction are revealed in
agreement with the diffuse streaks clearly observed in the [110] SAED pattern (Figure 7b). The presence of structural
disorder associated with stacking faults along c-axis in Li,SnOj; crystals has already been studied by Tarakina**** and are
related to a the low-temperature (LT)-phase, formed at temperatures below 800 °C, whereas a high temperature phase
(HT)-Li,Sn0;, would be formed at temperatures above 1000 °C. Both phases are monoclinic but exhibit slightly different
lattice parameters. In both cases the oxygen atoms form a distorted cubic network with octahedral positions occupied by
Li" and Sn*" cations. The extremely high white luminescent emission observed in some samples, not shown here, could
enhance their functionality in phosphor-free white light-emitting devices.
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Figure 7. (a) EELS spectrum which confirms the presence of Li in the structures. (b) SAED pattern confirms the formation of the
Li,SnO; phase. Streaking lines parallel to the growth direction are distinctive of stacking disorder and stacking fault formation,
(clearly visible on the inset), characteristic of the low temperature Li,SnO; phase.

3.4 Ocxide based composites

Nanocomposites are also considered as complex materials as these are defined as nanostructured materials with
combinations of structure and/or composition that lead to performance surpassing the sum of their individual
components. Nanocomposites with hosts such as polymers or carbon derivatives and oxide-based nanostructures as filler
will widen the applicability of the oxide materials in a series of fields. As a matter of fact, the composite formation
improves the performance of the single counterparts, including new functionalities as well. The nanocomposite is also a
medium which could be easier to manipulate, contact or process as a layer, offering significant advances in the
implementation of the nanostructures.

The oxide material used as a filler in the composite may be a transparent conductive oxide (TCO) such as Ga,03, SnO,,
TiO, or NiO, undoped or doped with different elements or a ternary compound. The nanostructures could exhibit
different dimensionalities, but the realization of homogenous films, e. g. with a polymer host by spin-coating, is best
achieved by using nanoparticles of reduced sizes, which are usually synthetized by soft chemical methods. In this sense,
some additives have proved to be useful such as ethylene glycol (EG), dimethyl sulfoxide (DMSO) or Triton, in order to
avoid agglomeration, to improve substrate wettability and other properties such as electrical conductivity®®. Some
examples of these nanocomposites have been developed by our group in relation with applications in energy such as Li
ion batteries’ ® solar cells’******! or white lighting devices* and presently we are also working in developing sensor
capabilities with different designs using composites as well as single vapor-solid structures. The incorporation into a film
of nanostructures grown by a vapor-solid method, mainly presenting elongated morphologies, is still challenging due to
agglomeration issues, or the lack of orientation of the filler. However, the random orientation of nanowires or nanotubes
inside the host could be both of advantage and disadvantage depending on the specific application, so that further
research work should be carried out to progress on the implementation of these nanostructures. As a matter of fact, new
processing techniques such as the additive manufacturing could be used to fabricated polymer-based nanocomposites
reinforced by nanofibers with good results.
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4. CONCLUSIONS

Following a vapor-solid growth oxide-based ternary compound micro and nanostructures are successfully synthetized.
Examples of different structures with one- or two-dimensional morphologies have been shown for NiGa,04, IZO and
Li,SnOj3. The selection of the adequate experimental conditions such as temperature, one or two-step treatments, as well
as the precursor powders are key factor to engineer the size, morphology and final composition. The detail study of the
micro and nanostructures allows to identify the growth driven force behind the process. Anisotropic growth,
autocatalytic growth or dislocation driven growth are described for these structures.
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