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Pine-leaf-like SnO, hierarchical nanostructures (NSs) were grown by a two-step vapour transport
deposition process with a combination of vapour—solid and vapour-liquid-solid mechanisms at
the primary and secondary processes, respectively. This type of hierarchical structure consisted of
SnO, trunk with homo-branching nanowires (NWs). The branched NWs connected the trunk
NWs at included angles of 56° and 90° for two different types of hierarchical NSs. Based on the
thermodynamic calculation, the formation of branched NWs at those angles are all energetically
favourable.
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1. Introduction

SnO; is an n-type wide band gap semiconductor (E,=3.6eV at 300K) [1]. It could form an
n-type nanostructure (NS), which is an important functional material extensively used in optical
devices [2] and gas sensors [3] due to its high surface-to-volume ratio and great resistivity
variation in a gaseous environment. Over the past few years, thermal evaporation method for
the growth of SnO, with various geometrical morphologies have been reported, which includes
nanowires (NWs), nanobelts, nanotubes, nanoparticles (NPs) and fish-bone-like NSs [4-8].

Until now, different approaches have been applied to alter and manipulate the properties
and morphologies of NS materials and devices, such as doping [9,10], alloying [11], ion beam
engineering [12-15], co-synthesising/compositing with other materials/NWs [16], surface
modification [17] and plasma treatment [18]. Methods for the synthesis of branched SnO,
NSs have also been recently developed [5]. Au-mediated growth of silicon NWs has been
achieved by Dutta and Basak [16]. Hierarchical NSs have been synthesised by Cheng and other
researchers through the assembly of ZnO NSs on SnO, trunks by a combination for solution
growth and vapour transport methods. Fern-like NSs have also been obtained by Yan et al. [19].
It is believed that branched NWs could provide plenty of varieties for manipulation of
nanoscaled functioning devices and building structures [20].
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Most of the synthesis processes by vapour transport deposition (VID) method need a
vacuum system to create a low pressure or/and involved a complex deposition method. In this
study, we used a two-step process for the synthesis of SnO, NSs by the VID method in
atmospheric pressure without the use of vacuum system. A different approach will be presented
using both VTD in the primary and secondary growth processes. Compared to the solution
growth method, vapour transport method has the advantage of faster growth rate. Several tens
or up to more than hundreds of micrometres could be easily achieved in couple of hours. Our
approach utilises a combination of vapour—solid and vapour—liquid—solid (VLS) mechanisms in
the primary and secondary growth processes, respectively. The primary step for the growth of
SnO, NWs has been achieved without the metal catalyst [21]. A secondary growth on SnO, NWs
was carried out by sputtering of Au on SnO, NWs to act as a catalyst. A similar two-step
process has been done by Cheng et al. [22] but with the use of hydrothermal method. However,
it involved more than one approaches under different set-ups and environments (thermal and
hydrothermal). This has made the growth process become more complicated.

2. Experimental details

The lateral side branching growth to form pine-leaf-like SnO, hierarchical NSs was achieved in
two growth processes (primary and secondary) using the VID method [23]. In the primary
growth process, a clean quartz substrate was dried and sputter-coated with a SnO, thin film
(~150 nm). This film acted as a buffer layer in the synthesis process. The source material was a
mixture of purified SnO, powder (Sigma—Aldrich 99.9%) and graphite powder (Sigma—Aldrich
99.9%) in the ratio of 1:1. This mixture was placed on a ceramic plate and positioned at the
centre of a mini-tube furnace. The SnO, thin film-coated quartz substrate was inversely
positioned (the surface of the substrate was facing downward to the source) at about 1 cm above
the mixed powder during the primary growth process, as shown in Figure 1. During this process,
the furnace was heated up to 950°C for 1h with a constant flow of nitrogen gas at a rate of
50 mL min .

After the above-mentioned process, the sample was cooled down to room temperature. A
layer of white product was found to have formed on the substrate. In the secondary growth
process, the same substrate from the primary process was used. It was sputtered with Au
(~5nm) prior to the secondary growth process. The same parameters and experimental set-up
were used. After the growth, the surface area was deposited with another layer of white product
(with slightly different contrast in colour). The inner wall of the quartz tube surrounding the
sample was also coated with the similar white layer of product.

Field emission scanning electron microscopy (FESEM) was used to examine the layers that
were formed in the primary and secondary growth processes. Energy dispersive X-ray
spectroscopy (EDS) attached with the FESEM was used to analyse the composition.

Substrate was placed upside
down (The front surface was

facing the mixed powder)
Nt N, (0000000000000 |
, w - N, out
99.9%Su0; powdc— 9 0 0 0 00000000 0 |
+99.99% graphite,
C powder Heated up to 950°C for 1 hr

Figure 1. Schematic of the VTD method for the primary and secondary synthesis processes.
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X-ray diffraction (XRD) was used to investigate the crystallinity of the NSs during both the
primary and secondary processes.

3. Results and discussion

Morphologies and compositions of the sample after the primary and secondary growth
processes at 950°C were analysed by FESEM and EDS (Figures 2 and 3). After 1h of the
primary growing process, SnO> NWs were formed on the substrate. SEM scanning (Figure 2)
shows images of: (a) SnO, NWs after the primary growth process and (b) hierarchical NSs after
the secondary growth process. After the primary growth process (Figure 2a), formation of
tapered SnO, NWs was found. Not many NWs were formed mainly because the substrate was
placed in the high supersaturated region, as described by Ye et al. [24]. Those NWs that were
formed after this primary grown process served as the trunks for the growth of pine-leaf-like
SnO, hierarchical NSs in the secondary growth process. In Figure 2(b), after the secondary
growth process, the surface of the substrate was covered with whisker-like NWs. A closer
examination of these hierarchical NSs is shown in Figure 3(a)—(d). Two types of hierarchical
NSs could be observed. They could be differentiated by the distinct included angle with the
trunk NWs. Figure 3(a) and (b) show the branched NWs connecting the trunk at an angle of
~56°. Figure 3(c) and (d) show a connecting angle of 90° with the trunk NW. Both types of
branching NWs ended with a droplet at their end, provided the VLS process has taken part. It
was observed that some trunk NWs have branching on the whole lateral surface (Figure 3a
and c), while some of them only grew at a lateral side, as shown in Figure 3(b). Two possible
paths were expected to be followed by the formation of these hierarchical NSs. By following
Path A in the schematic diagram, as shown in Figure 4, surface migration has taken part. Au
droplets mixed with the source material were covering the whole lateral surface of the trunk
NWs and the branched NWs formed at the energetically favourable angles at all lateral sides. If
Path B has been followed, the surface migration was not taking part and only the side which
faces the source material has the formation of the branched NWs. The criterion for the
occurrence of surface migration on the NW is still not clear up-to-date. Both types of the
hierarchical structures observed in the SEM images resemble the pine-leaf shape. It could be
deduced that these specific contact angles may be due to the epitaxial-like growth of SnO, NWs
on the SnO, trunk NWs. A similar case has been reported by Wang et al. [25] for the growth
of Si NWs. The surfaces of the branching NWs appear to be smooth, from the image, without
having any bloated area on the side surface of each NW while the trunk NWs are covered with

Figure 2. SEM image of SnO, NSs: (a) after the primary growth process — tapered NWs were formed and
(b) after the secondary growth process — 3D hierarchical structure were formed.
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Figure 3. SEM image for the two types of 3D pine-leaf-like SnO, on SnO, NSs after the secondary growth
process. (a,b) The perspective views of a hierarchical SnO, structure with an included angle of 56°, as
shown in a lateral view (b); (c) another type with an included angle of 90°; and (d) the corresponding
lateral view.

plenty of residues of SnO,. EDX spectrum is shown as insets in Figure 3(b) and (d). The figure
reveals the presence of the peak for Au element which acted as the catalyst during the growth
process. Peaks for major elements of Sn and O indicate the NWs consisted of Sn and O.

Figure 5(a) shows a TEM image of a branched NW. The corresponding HRTEM has been
shown in Figure 5(b). Fast Fourier transformation (FFT) has been done within the open box
area marked in the figure. The estimation for the lattice width and the FFT justify a growth
direction of [10 1] for the branched NW [5]. An angle of ~56° for the branched NW with the
trunk axis provided that the trunk was growing in the direction of [1 0 0]. Theoretical calculation
shows that the growth of NW at [1 0 1] on the [1 0 0] trunk will provide an included angle of 56°,
which is same as the one we have obtained. A thermodynamic equation by the Wulff
construction for the surface energies is shown in Equation (1) [26, 27]:

AG = EA (hlklll)COSQ — Eglrf(/’lzkzlz) (1)

surf

where EZ (hikily) is the surface formation energy per unit area for the orientation of (h1k/,),
EB (hyksl) the surface formation energy per unit area for the orientation of (h:k»b), 6 the angle
between the two planes and cos@ the effect of the increase in surface area for the new facet.
Based on the calculation, the faceting change from (100) to (101) or (10 1) will give an energy
of —0.778 Jm~> which is thermodynamically favourable. Calculation for the faceting change

from (100) to (110) is also thermodynamically stable (—0.864J m~?). Due to the tetragonal
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At the beginning of heating in the
prooEmmmmm furnace, not much vapor from the
Sputtering of Au thinfilm on SnO, powder were evaporated
the nanowires after the
primary growth process. Formation of Au droplets from
The thickness is ~5-10 nm the Au thinfilm at high
(Covering the top surface) temperature Substrate
placing upside
down during the
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Figure 4. A schematic diagram of the two different paths followed to produce hierarchical NSs. Path A,
the surface migration happened and the branched NWs distributed over the whole lateral surface and Path
B, no surface migration and the branched NWs only grew on the side facing to the source vapour.

structure of the SnO, crystal, (101) and (10 1) are kinetically identical in the crystal growth,
similar also for facet of (1 10) and (110). Therefore, most of the branching is grown from these
four facets ((101; (101); (110); and (1 10)) which form a fourfold symmetry of hierarchical
structure, as shown in the schematic diagrams in Figure 6. For the 90° branching from the
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0.26 nm

Figure 5. TEM images of the hierarchical NWs: (a) the branched NW with an Au droplet on the tip;
(b) HRTEM and the FFT (inset) images of the branched NW shown in (d) that grows along the [10 1]
direction; (c) a TEM diagram showing an initial stage where Au droplet catalysts form on the surface
before the branching process; and (d) TEM image showing an angle of 56° branching from the trunk NW.

growth direction of (010), (001), (010) and (00 1) from (100) trunk (Figure 3c), calculation
gives a value of —1.648, which is also thermodynamically stable. Directions of [0 1 0] and [0 1 0]
are kinetically identical in the growth of tetragonal SnO, crystal. It is similar also for [0 0 1] and
[00 1]. Occasionally, diagonal branching from the directions of [011], [011], [011] and [011]
are also observed, as shown in Figure 3(c).

Literature study has shown that the position of the substrate located very near the source
material will eventually cause the supersaturation on the substrate before the formation of NWs
[28]. This condition fulfils the criteria which is fairly common in the formation of dendritic/
branching crystals in bulk crystal growth [28]. This may be one of the reasons why the formation
of branched NWs was induced during the secondary growth process. The Au catalyst also plays
its role in this part. The presence of Au catalyst is expected to enhance the yield of the product in
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Figure 6. A schematic diagram of the 3D hierarchical NS with an included angle of ~56° (a) and the
branching NWs shown separately in the directions of [101] and [101] (b) and [110] and [110] (c),
respectively.

this supersaturated region. In the sputtering process after the primary growth, Au thin film was
deposited on the top lateral side of the horizontally laying SnO, NWs. Heating of this Au layer
caused the formation of Au droplets, which would then reduce their sizes to smaller Au NPs
when heated up at 950°C. At the same time, the source vapour (from SnO, powder) would also
form liquid droplets which covered the lateral surface of the NWs and also the Au NPs, as
shown in schematic diagram at the bottom part of Figure 4. The Au NPs on the lateral sides of
SnO, NWs provided the energetically favoured sites and catalysed the growth process of the
branching NWs by adsorption of the supersaturated SnO vapour. SnO might have decomposed,
forming SnO, and led by the top Au catalysed to form the lateral branches of NWs. There was
excessive source liquid deposited on the trunk NWs at the beginning of the growth, which would
then solidify as irregular shape at the base of the branching SnO, NWs. Sometimes, the
migration of Au droplets had not happened and the branched NWs were only formed on one
site of the trunk NWs. A schematic diagram shown in Figure 4 is used to simplify the whole
process described above.

Figure 7 shows the XRD spectrum for the scanning done after the primary and secondary
growth processes. Highly crystalline structures have been obtained after both the primary and
secondary growth processes. The peaks could be indexed to the tetragonal rutile structure of
SnO, with lattice parameters of a=0.4737nm and ¢=0.3185nm, which agree well with the
standard data file (JCPDS 21-1250). Evidently there is no change in the crystalline nature of the
SnO, system before and after the secondary growth process.
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Figure 7. XRD patterns of SnO, NWs grown in the primary and secondary processes, respectively.

4. Conclusion

In summary, SnO, hierarchical NSs have been synthesised by two consecutive VITD methods.
This approach has managed to reduce the time taken for switching between more than one
growth processes to produce the branching NSs. The specific included angles for the formation
of hierarchical NSs were justified by the thermodynamic calculation to be energetically
favourable. Further control techniques for the branching NWs are needed to control the
junction angle in future. This may lead to the development of interconnecting NWs for the
future generation nanoelectronic devices.
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