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Abstract

Eutectic Bi-43Sn (in weight percent) nanowires with diameters of 20 nm, 70 nm and 220
nm respectively, were fabricated by a vacuum hydraulic pressure injection process using
anodic aluminum oxide (AAQ) as templates. Novel eutectic microstructure was found within
the fabricated nanowires, which composed of alternating Bi and Sn segments along their wire
axes. Within the segments, the electron diffraction analysis revealed single crystalline
structures of Bi and Sn elements respectively. Parameters that control the nanowire fabrication
process were discussed. It was found that the as the wire diameter reduced, longer Bi and Sn
segments formed. In addition, the alternative segmental compositions showed that the ratio of
tin to bismuth is approximately 3.3: 14 Forthis process,nanowires were formed from non-ion
deposition with liquid alloy; in this way;-the composition of nanowires can be controlled
precisely in stoichiometry.

The size effects on solidification and the formation mechanism of the segmented eutectic
Bi-43Sn nanowires have also been investigated during the in situ reheating processes. A
directional solidification along the wire axis limits the segmented eutectic nanowire to arrange
axially due to directional solidification and the sequential enrichment of two elements. In 70
nm nanowires, the small size confines the convection in liquid, which results in differences in
the microstructure and composition profiles between 70 and 200 nm nanowires during the
reheating process. In the vacuum hydraulic pressure injection process, the directional cooling
helps the formation of single crystal, and the isotropic solidification leads to polycrystalline
microstructure.

Finally, bismuth oxide-tin oxide (BiOx-SnQOy) heterostructure nanowires with a diameter
of 70 nm were fabricated by directly annealing Bi-Sn eutectic nanowires. After removal of

AAO template with etching solution, a spontaneous oxide was formed on the nanowires,



enclosing the Bi-Sn eutectic alloys. While these nanowires went through the annealing
process at a heating rate of 50 “C/ min, the well-annealed oxide nanowires remained solid,
straight and segmental. The results of cathodoluminescence (CL) spectrum and photoresponse
proved that the products comprised bismuth oxide and tin oxide. This fabrication

methodology is a simple way to fabricate one-dimensional oxide nanomaterials.

Keywords: Bi-Sn eutectic nanowires, Solidification, Size Effect, BiOx-SnOx nanowires
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Figure Captions
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Figure 2.1 Phase diagram of Bi-Sn alloy.

Figure 2.2 Microstructure of eutectic Bi-Sn alloy.

Figure 2.3 Schematic apparatus of vacuum hydraulic pressure injection process.

Figure 2.4 SEM image of Sn melt inside AAO, which formed Sn nanowires: (a) top view, (b)
cross-section view.

Figure 2.5 The I-V curve of etching, polishing and pitting sections.

Figure 2.6 Schematic image of an ideal ordered anodic porous alumina.

Figure 2.7 Relationship between interpore distances.and ahodic voltages for AAO forming
process in sulfuric acid; oxalic-acid;-and phosphoric acid, respectively.

Figure 2.8 SEM images of AAO"pores with the size of (a) 20"m, (b) 70 nm, and (c) 220 nm
respectively.

Figure 2.9 Illustration of types of flow inside.a pipe:

Figure 2.10 Illustration of developing stages of the flow in a pipe.

Figure 2.11 Eutectic point at binary phase diagram.

Figure 2.12 Illustration of eutectic solidification.

Figure 2.13 Typical eutectic microstructures.

Figure 2.14 Transformation temperatures for a-, -, y-, 0- and &-Bi,03.

Chapter 3

Figure 3.1 Binary Bi-Sn phase diagram.
Figure 3.2 Characterization of starting material, the Bi-Sn bulk eutectic alloy. (a)

Back-scattered SEM image of lamellar structure; (b) EDS mapping of Bi; (c) EDS
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mapping of Sn; (d) XRD spectrum showing purely Bi and Sn peaks; (¢) DSC
spectrum.

Figure 3.3 SEM images of (a) AAO template with 20 nm pore size, (b) 20 nm Bi-Sn
nanowires bundles, and (¢) freed 20 nm nanowires.

Figure 3.4 SEM images of (a) AAO template with 70 nm pore size, (b) 70 nm Bi-Sn
nanowires bundles, and (¢) freed 70 nm nanowires.

Figure 3.5 SEM images of (a) AAO template with 220 nm pore size, (b) 220 nm Bi-Sn
nanowires bundles, and (b) freed 220nm nanowires.

Figure 3.6 Calculation of the applied pressure as a function of the pore diameter of AAO for
the experimental alloy.

Figure 3.7 TEM image and analyses of the 220 nm/Bi-Sn eutectic nanowire.

Figure 3.8STEM image and the elemental-mapping from:the framed area of the 220 nm Bi-Sn
eutectic nanowire.

Figure 3.9STEM image and elemental mapping of the 70 nm Bi-Sn eutectic nanowire.

Figure 3.10 STEM image and elemental mapping from-the framed area of the 20 nm Bi-Sn

eutectic nanowire.

Chapter 4

Figure 4.1 Solidification of an alloy with equilibrium at the liquid-solid interface. (a) Phase
diagram; (b) composition profile across the interface.

Figure 4.2 Composition profile in solidification with limited liquid diffusion and no
convection in solid.

Figure 4.3 Typical OM image of casted bulk Bi-Sn eutectic material with a lamellar
microstructure.

Figure 4.4 SEM images of fabricated Bi-Sn nanowire bundle and magnified image of a part.
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Figure 4.5 High-resolution back-scattered SEM images of Bi-Sn eutectic nanowire (a) a large
overview of a nanowire bundle; (b) magnified image showing the banded eutectic
structure.

Figure 4.6 STEM image and the element mapping from the framed area of the 220 nm Bi-Sn
eutectic nanowires.

Figure 4.7 Example of hypoeutectic, 4, and hypereutectic, B, composition points in a binary

Bi-Sn phase diagram.
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Figure 5.1 Schematic illustration of thessolidification processes during the vacuum hydraulic
pressure process within AAO membrane:(a) injection of the melted alloy into AAO
membrane under steady pressure,(b).complete solidification of the nano-materials,
(c) removal the residual alloy:

Figure 5.2 Schematic illustrations of the (a) heating, (b) holding and (c) cooling processes of a
70 nm nanowires within the in situ reheating setup.

Figure 5.3 In situ TEM image sequences of the diffusion behavior during the reheating

process within 70 nm eutectic Bi-Sn nanowires at (a) room temperature, (b) 80 C,
(c) 138 °C, (d) 150 °C. The bright area is Sn, and the dark area is Bi, and the insets
in (b) show the selective area electron diffraction pattern of Bi and Sn segments.
The heating rate is 50°C /min.

Figure 5.4 The fine TEM image of 70 nm eutectic Bi-Sn nanowire at 150 C and the EDS

spectrums from two distinct segments.

Figure 5.5 In situ TEM image sequences of a 200 nm eutectic Bi-Sn nanowire at (a) room
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temperature, (b) 138 °C, (d) 150 ‘C. The bright area is Sn, and the dark area is Bi.
The heating rate is 50°C /min.

Figure 5.6 Relationship between compositions and temperatures for the individual (a) Bi and
(b) Sn segments inside nanowires of both 70 nm and 200 nm during the reheating
process.

Figure 5.7 TEM images of the end tip of an individual Bi-Sn nanowire with average diameters
of (a) 70 nm and (b) 200 nm. (c) Relationship between compositions and
temperatures taken from the arrowed position in (a).

Figure 5.8 Schematic illustrations of the diffusion behaviors in different positions within a
single eutectic Bi-Sn nanowire of 70 nm. From top, they present (a) the sketch of a
single wire, (b) the diffusion directionswithin each segment, and (c) the
concentration profiles along the-wire axis (in, weight percentage).

Figure 5.9 TEM image, EDS spectrum, and SAED patterns of-a 70 nm Sn-Bi eutectic

nanowire with polycrystalline microstructure after.in situ reheating.

Chapter 6

Figure 6.1 (a) SEM image of as-injected Bi-Sn eutectic nanowires after removal of AAO
template with etching solution. The core-shell of the segmental structure was
observed. (b) SEM image of nanowires annealed at an excessive heating rate.

Figure 6.2 TEM images of Bi-Sn eutectic nanowires annealed at (a) an excessive and (b) the
proper heating rates. The oxides were not dense enough to confine the melting
alloys when the heating rate was excessive; proper annealing conditions resulted in
stiff and complete nanowires. Residual AAO helped to maintain the integrity of the
molten alloys.

Figure 6.3 (a) TEM image of well-annealed Bi-Sn eutectic nanowires. (b) EDS was used to
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determine the composition of nanowires. Mo and Ta peaks arose from TEM grid
and heating holder, respectively.
Figure 6.4 CL spectrum of BiOx-SnOx nanowires with an average diameter of 70 nm. The
curve comprised two emissions - band gap of Bi,O3 and oxygen vacancies in SnO,.
Figure 6.5 Photoresponse of Bi,03-SnO, nanotubes with periodic irradiation at 325 nm in air

at bias voltage of 0.8 V.
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