Rare Metal Materials and Engineering
Volume 47, Issue 9, September 2018
Online English edition of the Chinese language journal

Available online at www.sciencedirect.com

ScienceDirect

Cite this article as: Rare Metal Materials and Engineering, 2018, 47(9): 2647-2651.

Novel and Facile Synthesis of Nano SnO> with Various
Morphologies by Electric Current Stressing

Li Wangyun, Cao Shanshan,

South China University of Technology, Guangzhou 510640, China

Zhang Xinping

Abstract: Nano tin oxide (SnO) was synthesized by a novel, fast and facile approach through applying electric current of high

density to a line-type joint specimen consisting of a high tin-content alloy between two pieces of conductor (copper or nickel). The

fabricated SnO, shows various morphologies, such as branch-like, pine-leaf-like, grass-like and batting-like, and has the tetragonal

rutile structure confirmed by scanning electron microscopy, energy dispersive X-ray spectroscope and Raman spectrum. The present

work has not only offered a facile and novel method for fabricating SnO; of various morphologies, but also provided an inspiriting

yet practical idea as well as technical possibilities for preparation of other functional oxide materials.
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Tin oxide (Sn0,) is a very important n-type semiconductor
with a wide band-gap of 3.6 eV (at 300 K). The excellent
electrical, optical, and electrochemical properties of SnO, al-
low it to be widely applied in various technological areas,
such as solid state gas sensor material, oxidation catalyst,
transparent conductor, and lithium ion batteries! .. It is found
that the properties of SnO,, especially the nano-sized one, de-

[4.5]

pend strongly on its morphology ™. Several conventional

methods were used to prepare SnO, with various morpholo-
ges, such as grass -like™, fishbone-like!”, pine-leaf-like!”,
B and dandelion-like!'” or chestnut-like!'"), hon-

eycomb!"*, horseshoe-shaped with annulus-like!"”

flower-like
, which in-
clude thermal deposition, physical vapor deposition, chemical
vapor deposition, vapor-liquid-solid growth, vapor-solid
growth, oxide assisted growth, spray pyrolysis, wet chemical

synthesis, electrospinning'”, hydrothermal synthesis”'" and
detonation synthesis!'

thods based on electron stimulated oxidation!'” and direct
[18]

, as well as the recently developed me-
current arc discharge' . However, none of the above methods
can be used to synthesize SnO, with diverse morphologies and

scales by a simple one-step process'’, and there is no work
reporting synthesis of SnO, by using electric current stressing.

In this paper, we report the synthesis of SnO, with various
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morphologies and scales by a novel, fast and facile approach
through applying direct electric current of high density to a
specimen consisting of a high tin-content alloy between two
pieces of conductive metals (copper or nickel).

1 Experiment

A high tin-content alloy, Sn-3.0Ag-0.5Cu (96.5%Sn, 3.0%Ag,
0.5%Cu, mass fraction), was used as an interlayer to realize the
joining of oxygen-free copper to copper wires (or copper to
nickel wires) with a diameter of 300 pm by a reflow process on
a BGA rework machine (RD-300)""*" Then, the above re-
flowed line-type sandwich structure Cu/Sn-3.0Ag-0.5Cu/Cu (or
Cu/Sn-3.0Ag-0.5Cu/Ni) joint specimen was fixed by clamps in
a furnace with temperature holding accuracy of <0.1 °C, and the
clamps were well insulated using insulating plates. The direct
electric current with a density of 1.0x10* A/cm” was supplied by
a constant-current power supply (SHEKONIC). The schematic
of the experiment set-up used in this study is shown in Fig.1.
During the experiment, once the furnace temperature reached a
pre-programmed value, such as 216 °C, the electric current was
immediately applied to the specimen. After the specimen was
electro-thermally loaded to fracture, it was taken away carefully
from the clamps, and the as-obtained product on surface of the
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Fig.1 Experiment set-up with electro-thermal coupled loads

fractured specimen was characterized by scanning electron
microscope (ProX, Phenom), energy dispersive X-ray spec-
troscope (EDS) and Raman spectrometer.

2 Results and Discussion

Fig.2 shows SEM images of the fractured specimen (Fig. 2a
and 2b) and the as-obtained product with various morpholo-
gies on the fracture surface (Fig.2c~2f). Clearly, the size of the
product varies over a wide range from micro- to nano- scale,
and its morphology changes greatly. For example, the product
shows branch-like with the main branches in micro-scale, as
shown in Fig.2c, and presents pine-leaf-like with main rods in
a length of about tens of micrometers and pine-leaves in
nano-scale, as shown in Fig. 2d. Notably, the product turns
into nano-scale completely when exhibiting grass-like or bat-
tingike morphologies, see Fig.2e and 2f.

As-obtained product

Fig.3 shows EDS and Raman spectrum of the as-obtained
product, which is composed of Sn and O with a Sn:O ratio
close to 1:2, as presented in Fig.3a. Raman spectra show three
fundamental Raman scattering peaks at 471.4, 630.2 and
772.2 cm’, see Fig.3b, which should be attributed to the E,,
A, and B,, modes of SnO, crystal, respectively, based on ex-
cellent consistence with those of a rutile SnO, crystal”' !,
Since Raman signals of SnO, are quite different from those of
SnO™?% thus Raman spectroscopy has been widely applied
in previous studies to differentiate these two phases®' "),
Therefore, the as-obtained product is confirmed as SnO, from
both the composition and crystal structure.

The as-obtained SnO, is owing to the oxidation of Sn in
Sn-3.0Ag-0.5Cu solder alloy, which contains 96.5% Sn. On
current stressing of the specimen with a high current density
of 1.0x10* A/em” at 216 °C, Joule heating induced temperature
is higher than the nominal melting temperature of
Sn-3.0Ag-0.5Cu solder (217.1 °C). However, since the volume
of the solder matrix in the specimen is so small that the tem-
perature in the solder matrix can hardly be accurately meas-
ured or detected by experimental approaches. Therefore, in
order to ascertain the Joule heating induced temperature in the
joint specimen during current stressing process, finite element
(FE) simulation analysis was performed using ANSYS 15.0.
The simulation results show that the temperature can be as high
as 255 °C in the solder matrix of Cu/Sn-3.0Ag-0.5Cu/Cu joint
specimen, as presented in Fig.4a, while being above 273 °C in
the Cu/Sn-3.0Ag-0.5Cu/Ni joint specimen, as shown in Fig.4b.

100 pm

Fig.2 SEM images of side view (a) and tope view (b) of the fractured specimen and the as-obtained product with various morphologies of

branch-like (c), pine-leaf-like (d), grass-like () and batting-like (f) on the fracture surface
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Fig.3 EDS spectrum (a) and Raman spectrum (b) of the as-obtained

product on surface of the fractured specimen

It is worth indicating that the higher temperature in the latter
specimen is attributed to the higher electrical resistance but
lower heat conductivity of Ni and Ni;Sny as compared to Cu
and CugSns, respectively[zg].

Actually, once the electric current is applied to the speci-
men, the solder matrix melts immediately, resulting in fast
fracture in the solder matrix with a cup-cone shape fracture
mode, as shown in Fig.2a. It is just at the fracture moment that
Sn0O, is formed by the following process and mechanism, as
also illustrated in Fig.5. Firstly, after applying electric current
to the as-prepared joint specimen as shown in Fig.5a, current
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Fig.4 Simulation results of temperature distribution in Cu/Sn-
3.0Ag-0.5Cu/Cu joint specimen (a) and Cu/Sn-3.0Ag-
0.5Cu/Ni joint specimen (b) under electric current stressing
with a density of 1.0x10* A/em® at 216 °C (where
one-fourth, i.e., 1/4th, symmetric model is used when

considering the axial symmetry of the solder joint)

stressing and Joule heating result in the necking of the solder
matrix, which in turn induces an extremely severe current
crowding at the necking part of the solder matrix, as illustrated
in Fig. 5b. Subsequently, the necking part melts and the joint
specimen separates, as shown in Fig. Sc, and simultaneously a
transient flash arises in the very small gap formed at the mo-
ment of occurrence of fracture and the flashing spark can be
observed clearly during the test. Essentially, the flash spark is
like arc discharge, which induces high temperature!'***** and
makes Sn atoms be oxidized instantaneously'™, the ionized
oxygen around the spark”'! can enhance the oxidization of Sn,
and thus the following reaction can occur: Sn+0O,—SnO,; the
various morphologies of SnO, can be a result of fast flowing
and spraying of the molten Sn and the oriented growth of
SnO,, as illustrated in Fig.5d and Se, which can be verified by
the morphology of SnO, shown in Fig.2c and 2d, and further
evidenced by formation of some isolated SnO, nano-wires
among the orientedly grown ones, as shown in Fig.6a, and no-
tably even some SnO, nano-wires are attached on

Fig.5 Schematic of the main formation process and mechanism of SnO, under electric current stressing: (a) an as-prepared joint specimen before

applying electric current, (b) necking of the solder matrix due to current stressing and Joule heating, (c) melting and separating of the

necking part as well as emerging of a transient flash and forming of the flashing sparks, (d, e) formation of various morphologies of SnO,

due to fast flowing and spraying of the molten Sn as well as the oriented growth of SnO,
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Fig.6 SEM images of SnOs: (a) orientedly grown SnO, affiliated
with some isolated SnO, and (b) isolated SnO, on the surface

of the solder matrix

the surface of the solder matrix, see Fig.6b. The above results
indicate that the vapor-solid (VS) mechanism also contributes
to the formation of SnO,. During the flash spark process,
some Sn atoms in the solder matrix are evaporated and oxi-
dized to form SnO, instantaneously due to high temperature.
The formed SnO, nuclei at high temperature will probably at-
tach to another at a point and accumulate to be a cluster. Sub-
sequently, SnO, cluster will accept more nuclei at preferential
orientation, resulting in the formation of isolated SnO,
nano-wires. But Sn in the bulk solder alloy can not evaporate
as easily as that of Sn powder under arc discharge!®. Thus,
the vapor-solid mechanism should not be the dominant growth
mechanism of SnO, in the present study. Nevertheless, the
newly formed SnO, on surface of the molten Sn (or solder al-
loy) can act as catalyst to accelerate the oxidization of inner
Sn in the bulk solder alloy!"'”. Moreover, the flash spark in-
duced turbulence in the molten solder brings fresh solder sur-
faces exposing to the high-temperature air, which promotes
the oxidization of Sn and formation of SnO, with various
morphologies and scales.

3 Conclusions

1) SnO, with various morphologies and scales has been

successfully synthesized by electro-thermally loading a joint
specimen consisting of a high tin-content solder alloy between
two pieces of copper or nickel.

2) The synthesis of SnO, is realized by the oxidation of Sn
in the tin-content alloy using the high temperature and ionized
oxygen induced by flashing spark occurring at the fracture
moment of the joint specimen.

3) The various morphologies of SnO, mainly result from
fast flowing and spraying of the molten Sn and the oriented
growth of SnO,.

4) The method developed and presented in this work has
also provided an inspiriting idea and technical reference, as
well as a possible new scheme for preparation of other func-
tional oxide materials.
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